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CHAPTER 1
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Introduction

Vascular Anatomy

Like many contemporary sciences, vascular biology has
been progressively developing at the junction of many
disciplines. New knowledge has been obtained in regard
to vessel growth biology, physiology, and genetics as well
as physiological and pathophysiological mechanisms
underlying endothelial dysfunction and atherogenesis.
Based on studies that extend back to the 1920s, regression and stabilization of atherosclerosis in humans have
gone from just a dream to something that is achievable.
Review of the literature indicates that successful attempts
at regression applied robust measures to improve plasma
lipoprotein profiles. Examples include extensive lowering
of plasma concentrations of atherogenic apolipoprotein
B and enhancement of reverse cholesterol transport from
atheromata to the liver. Possible mechanisms responsible for lesion shrinkage include decreased retention of
atherogenic apolipoprotein B within the arterial wall,
efflux of cholesterol and other toxic lipids from plaques,
emigration of lesional foam cells out of the arterial wall,
and an influx of healthy phagocytes that remove necrotic
debris as well as other components of the plaque. Until
very recently, with the approval of the PCSK9 inhibitors,
the available clinical agents caused less dramatic changes
in plasma lipoprotein levels, and thereby failed to stop
most cardiovascular events. In addition, although the use
of angioplasty and stenting has undoubtedly been beneficial, it does not offer a cure or address the underlying
mechanisms of vascular disease.

Blood vessels are composed of three layers: the inner
lining of intima (a monolayer of endothelial cells), the
middle layer, the media (a layer or layers of vascular
smooth muscle cells), and the outer layer, the adventitia
(contains collagen type 1, elastic fibers, myofibroblasts,
mesenchymal stem cells, vasa vasorum, and nerves).
These three layers are separated with internal and external elastic laminas, a thin layer of connective tissue. Large
arteries contain more layers of smooth muscle cells and
more elastin, and medium-sized arteries contain more
collagen. The smallest vessels (capillaries) are built from
a single layer of endothelial cells with surrounding basal
lamina and pericytes. A number of pericytes and their
functions differ in respect to the organs in which they
are found. Vascular smooth muscle cells and pericytes
regulate peripheral vascular resistance, vascular diameter,
and direction of blood flow [1].

Endothelium, the Largest Body
Organ
The endothelium is a large and complex organ with
endocrine, autocrine, and paracrine proprieties that produces nitric oxide (NO), endothelin-1, prostacyclin-2,
interleukin-6, vascular endothelial growth factor (VEGF),
von Willebrand factor, plasminogen activator, plasminogen activator inhibitor-1, angiopoietin-2, adhesion molecules such as P-selectin, E-selectin, integrins, and other
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bioactive molecules. Endothelium controls the recruitment of inflammatory cells and thrombocytes, regulates
the coagulation process, extravasation, and vascular tone,
and is involved in wound healing through angiogenesis. Endothelial cells cover the entire vasculature in
vertebrates with the largest estimated surface amounting to 3000–6000 m2 . The total weight of endothelium
in an adult person is approximately 720 g, of which
600 g is capillaries [2]. Interestingly, endothelial cells
not only from arteries and veins but also from different tissues possess diverse tissue-specific protein
expression [3]. NO is a major vasodilator molecule
that was discovered by Dr. Furchott in 1980 and
named endothelium-derived relaxing factor. In 1992
NO was identified and in 1998 three US scientists,
Robert F. Furchott, Louis J. Ignarro, and Ferid Murad,
were awarded the Nobel Prize for NO discovery [4].
NO plays an essential role in vascular smooth muscle
cell relaxation, thrombocyte aggregation, endothelial
cell turnover, and immune/anti-inflammatory processes.
Endogenous NO is generated from L-arginine by a
family of three calmodulin-dependent NO synthase
(NOS) enzymes that are primarily expressed by three
cell types: endothelial cells (eNOS), neurons (nNOS),
and immune cells (iNOS) [5]. However, NO can also
be released non-enzymatically from S-nitrosothiols or
nitrate/nitrate. Decreased production or bioavailability of NO and increased expression of endothelin-1,
an endothelium-derived potent vasoconstrictor, suggest endothelial dysfunction and are associated with
hypertension, inflammation, prothrombogenesis, atherogenesis, and cardiovascular events [1]. Inflammation or
an increase in proinflammatory circulating molecules
such as interleukin-1 and interleukin-6, tumor necrosis factor-𝛼, C-reactive protein, and neutrophils and
macrophages boost C-reactive protein production by
the liver which, in turn, causes eNOS downregulation
and increases endothelin-1 bioavailability, leading to
decreased vasodilation, increased shear stress, and vascular atherogenesis. In particular, inflammation upregulates
the expression of endothelial cell adhesion molecules
that facilitate low-density lipids (LDLs) and macrophage
migration across the vascular endothelium via monocyte
chemoattractant protein 1 [6]. Inflammatory cytokines
also induce tissue factor and von Willebrand factor
synthesis by endothelial cells, initiating coagulation
cascade and platelet aggregation. Metalloproteinase
ADAMTS-13, also produced by endothelial cells, stellar
liver cells, platelets, and kidney podocytes, cleaves large
molecules of von Willebrand factor, but inflammatory
conditions decrease ADAMTS-13 activity, promoting

the prothrombotic state. Endothelial cells also provide
a rescue mechanism for thrombogenesis by continually
producing tissue plasminogen activator, which is cleared
by the liver unless fibrin binds to it. Furthermore, inflammatory cytokines promote endothelial cells to produce
another tissue plasminogen activator–urokinase-type to
cleave substantial fibrin deposition. Thrombin, a procoagulation protease that converts soluble fibrinogen into
insoluble fibrin, in turn activates eNOS leading to NO and
prostacyclin-2 production, causing vasodilatation and
platelet aggregation inhibition. In this way endothelium
regulates thrombogenesis and thrombolysis [2].

Vasculogenesis, Angiogenesis,
and Arteriogenesis
Endothelial cells originate from mesoderm (hemangioblasts), which gives rise to hematopoietic stem cells
and endothelial progenitor cells (angioblasts). The vascular network is formed due to three primary processes:
vasculogenesis, angiogenesis, and arteriogenesis. The
term “vasculogenesis” was defined by Risau in 1997 as the
de novo formation of vessels from endothelial progenitor
cells, i.e. angioblasts [7]. During vasculogenesis stem cells
form primitive primary vascular plexus, i.e. capillaries.
Initially, it was considered that vasculogenesis occurs
only during the early stages of embryogenesis; however,
further studies suggested that vasculogenesis occurs in
various diseases, tumorogenesis, and regenerative processes. Prenatal vasculogenesis begins after initiation of
gastrulation with the formation of blood islets in the yolk
sac and angioblast precursors in the head mesenchyme
and posterior lateral plate mesoderm. Blood islets are
mostly composed of hemangioblast, the precursor of
endothelial and hematopoietic cells. Angioblasts, future
endothelial cells, and the peripheral cells of blood islets
join together to construct primary vascular plexus. Multiple molecules and growth factors, including FGF-2,
VEGF, Tie-1, Tie-2, angiopoietin, TGF-β, neuropilins,
hedgehog, fibronectin, β1 integrin, etc., are involved at
different times in fetal vasculogenesis [7–9]. In 2010
Ricci-Vitiani et al. showed that tumor vasculogenesis
exists and a variable number (range from 20% to 90%,
mean 60.7%) of endothelial cells in glioblastoma carried
the same genetic alteration as tumor cells, indicating
that tumor stem-like cells partially give rise to tumor
vasculature [10].
Angiogenesis is the growth of blood vessels from
anlage (preexisting blood vessels) that provides a massive proliferation of the vascular plexus. Angiogenesis
occurs in utero and in adults. Angiogenesis is the most
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extensively studied area in vascular biology. The term
“angiogenesis” was introduced in 1935 by Arthur George
Tansley, who studied the formation of new vessels in the
placenta. The modern history of angiogenesis began with
Judah Folkman, who in 1971 described tumor growth
as angiogenesis-dependent [11]. There are two types of
angiogenesis: sprouting angiogenesis and intussusceptive or splitting angiogenesis. Sprouting angiogenesis or
hypoxia-induced angiogenesis mostly is initiated in the
hypoxic environment by parenchymal cells that secrete
VEGF in response to hypoxia. Sprouting angiogenesis
starts when an endothelial tip cell guides the developing
capillary sprout through the extracellular matrix. Further
endothelial cell migration and proliferation, tubulogenesis, vessel fusion, vessel pruning, and pericytes
stabilization occur. The delta-notch signaling pathway
is a key component of sprouting angiogenesis [12, 13].
Intussusceptive or splitting angiogenesis occurs when the
existing vessel wall protrudes into the lumen, causing a
single vessel to split in two. This type of angiogenesis is
fast and more efficient, but it mainly exists in utero where
the growth is rapid. Splitting angiogenesis is less studied,
yet it is known that it is VEGF dependent [14].
Arteriogenesis is a process of development of mature
arteries. Unlike angiogenesis, arteriogenesis is a blood
flow-mediated process, and it is defined by enlargement of existing vessels and collateral formation. A key
mechanism of arteriogenesis is the mechanical stress of
vessels that often occurs in arterial obstruction/occlusion
(i.e. occlusive peripheral vascular disease, obstructive
coronary artery disease, ischemic stroke). Thus a complex vascular rescue system is formed which provides
necessary tissue oxygenation, immunity, thrombogenesis, thrombolysis, removal of decomposition products,
temperature regulation, and maintenance of blood pressure. During arteriogenesis migration and proliferation
of endothelial cells, smooth muscle cells and pericytes
occur. Mechanical stress of the vessels upregulates multiple genes/proteins, including MCP-1, VEGF, FGF-2,
Abra, nitric oxide, thymosin β4, cofilin, Erg-1, MMP2,
and MMP9, and the vessels gain vasomotor properties
and elasticity and undergo the remodeling required to
adjust to the needs of tissue blood supply [15].

Atherogenesis
Atherosclerosis, a chronic inflammatory disease that
occurs within the artery wall, is one of the underlying
causes of vascular complications such as myocardial
infarction, stroke, and peripheral vascular disease.
Atherogenesis is a process that occurs over many years,

3

with the initiation phase being the subendothelial
accumulation of apolipoprotein B-containing lipoproteins (apoB). These particles undergo modifications,
including oxidation and hydrolysis, leading to the
activation of endothelial cells. These cells secrete
chemoattractants called chemokines that interact with
specific receptors expressed on monocytes essentially
“recruiting” the cells into the lesion. The monocytes then
roll along the endothelial cells via interactions of specific
selectins (i.e. P-selectin glycoprotein ligand-1 [PSGL-1]),
with attachment being mediated by monocyte integrins
such as very late antigen-4 (VLA-4) and lymphocyte
function-associated antigen-1 (LFA-1) to the respective
endothelial ligands vascular cell adhesion molecule-1
(VCAM-1) and intercellular adhesion molecule-1
(ICAM-1). Once attached, a process called diapedesis
occurs by which monocytes enter the subendothelial space. Having accessed the subendothelial space,
recruited monocytes differentiate into macrophages,
a process driven by interactions with the extracellular
matrix (ECM) and cytokines, including macrophage
colony-stimulating factor and members of the tumor
necrosis factor family. The uptake of oxidized LDL by
the macrophages occurs via scavenger receptors, notably
the type A scavenger receptor (SRA) and CD36, a member of the type B family. The cholesteryl esters of the
apoB particles that are ingested are hydrolyzed into
free cholesterol, which occurs in late endosomes. The
free cholesterol is then delivered to the endoplasmic
reticulum (ER) where it is re-esterified by acyl-CoA:
cholesterol ester transferase (ACAT). It is this process
that leads to the macrophages having a “foamy” appearance. It is well-known that macrophages contribute to the
formation of the necrotic core and fibrous cap thinning
that characterizes the vulnerable plaque. How do these
macrophages ultimately contribute to the vulnerable
plaque? Macrophage-derived matrix metalloproteinases
(MMPs) are a family of proteins that can degrade various
types of ECM and hence promote rupture. Moreover,
once activated, certain MMPs can activate other ones.
Studies have shown a temporal and spatial correlation
between the presence of macrophages in rupture-prone
shoulder regions of plaques, thinning of the fibrous cap in
these regions, and local accumulation of activated MMPs.
Another potential mechanism of how macrophages may
promote plaque thinning and increase vulnerability is via
smooth muscle cell (SMC) apoptosis. Vulnerable plaques
show evidence of SMC death and decreased numbers
of SMCs. Even after plaque rupture, the macrophage
continues to play a role as it secretes prothrombotic tissue
factor, thereby accelerating thrombus formation [16–18].
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The idea that human atheromata can regress at all has met
considerable resistance over the decades [16–18]. Resistance to the concept of lesion regression has been due to
the fact that advanced atheromata in humans and animal
models contains components that give an impression of
permanence, such as necrosis, calcification, and fibrosis.
Furthermore, numerous theories have been proposed to
explain atherogenesis that included processes thought
to be difficult, if not impossible, to reverse, including
injury [19, 20], oxidation [21], and cellular transformations resembling carcinogenesis [22]. In this review, data
will be presented that demonstrate that changes in the
plaque environment can indeed stabilize and regress even
advanced lesions.

Plaque Regression: Evidence from
Animal Studies
In the 1920s, Anichkov and colleagues reported that
switching cholesterol-fed rabbits to low-fat chow over
two to three years resulted in arterial lesions becoming
more fibrous with a reduced lipid content [23], which
from a modern perspective suggests plaque stabilization
[20, 24]. To our knowledge, however, the first prospective, interventional study demonstrating substantial
shrinkage of atherosclerotic lesions was performed in
cholesterol-fed rabbits and reported in 1957 [25]. The
dietary regimen raised total plasma cholesterol to around
26 mmol l−1 (∼1 000 mg dl−1 ) and induced widespread
lesions involving about 90% of the aorta. To mobilize
tissue stores of cholesterol, animals received intravenous
bolus injections of phosphatidylcholine (PC). After less
than a week and a half of treatment, the remaining
plaques were scattered and far less severe than initially,
and three-quarters of arterial cholesterol stores had been
removed.
Over the next 20 years, similar arterial benefits from
injections of dispersed phospholipids were reported by
a number of groups using a variety of atherosclerotic
animal models, including primates [26]. Given the heavy
reliance of atherosclerosis research on animal models, it
is surprising that these impressive, reproducible results
were largely ignored, even in numerous historical reviews
of regression [16, 18, 23, 27, 28].
The concept of regression gained support with a
short-term study in squirrel monkeys by Maruffo and
Portman [29], and more extensive work by Armstrong
and colleagues. The latter reported that advanced arterial
lesions in cholesterol-fed Rhesus monkeys underwent
shrinkage and remodeling during long-term follow-up
when their diet was switched to low-fat or linoleate-rich

diets [27, 30]. The cholesterol-feeding induction period
lasted 17 months, producing widespread coronary
lesions, with fibrosis, cellular breakdown, intracellular
and extracellular lipid accumulation, and 60% luminal
narrowing. The subsequent regression period lasted
40 months, bringing total plasma cholesterol values down
to approximately 3.6 mmol l−1 (∼140 mg dl−1 ) and resulting in the loss of approximately two-thirds of coronary
artery cholesterol, substantial reduction in necrosis, some
improvement in extracellular lipid levels and fibrosis, and
substantial lesion shrinkage so that only 20% luminal
narrowing remained [27, 30]. Further work by Wissler
and Vesselinovich as well as Malinow confirmed and
extended these findings [23, 28]. Three decades ago, in an
overview of this work, Armstrong concluded that “In the
primate the answer is clear: all grades of induced lesions
studied to date improve … the primate lesion shows
amazing metabolic responsiveness: some extracellular, as
well as intracellular lipid, is depleted, there is resolution
of necrotic lesions, crystalline lipid tends to diminish
slowly, and fibroplasia is eventually contained.” [27]
Regression of advanced lesions in cholesterol-fed
swine after reversion to a chow diet demonstrated an
important sequence of events. Histologic examination
of atheromata from these animals immediately after the
high-cholesterol induction phase showed the hallmarks
of complex plaques, including necrosis and calcification.
The regression regimen reduced total plasma cholesterol
to approximately 1.8 mmol l−1 (∼70 mg dl−1 ), implying
an even lower LDL-cholesterol level. Interestingly, the
early phase of regression showed loss of foam cells from
the lesions and an increase in non-foam-cell macrophages
around areas of necrosis. Long term, the necrotic areas
virtually disappeared, indicating removal of the material
by a flux of functioning, healthy phagocytes [31].
To revive the long-neglected finding of rapid atherosclerosis regression after injections of dispersed phospholipids, Williams and colleagues sought to determine the
underlying mechanism of action [26, 32]. Aqueous dispersions of PC spontaneously form vesicular structures
called liposomes. Initially, cholesterol-free PC liposomes
remain intact in the circulation [33] and can mobilize
cholesterol from tissues in vivo [33–36] by acting as
high-capacity sinks into which endogenous HDL cholesterol shuttles lipid [26, 35, 37]. Bolus injections of PC
liposomes rapidly restore normal macrovascular and
microvascular endothelial function in hyperlipidemic
animals [36], remove lipid from advanced plaques in rabbits in vivo [38], and rapidly mobilize tissue cholesterol in
vivo in humans [39]. Importantly, the optimum liposomal size (∼120 nm) has been achieved in animal model
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studies, which allows these particles to gradually deliver
their cholesterol to the liver without suppressing hepatic
LDL receptor expression or raising plasma concentrations
of LDL cholesterol [35, 37]. Eventually, in 1976 success
in atherosclerosis regression was also achieved in rabbits
following reversion to normal-chow diet in combination
with hypolipidemic and other agents [23]. Decades later,
a series of studies achieved shrinkage of atheromata in
rabbits with injections of HDL or HDL-like apolipoprotein A-I (apoA-I) and PC disks [40, 41]. Interestingly, a
lipid-lowering regimen in rabbits was found to diminish
local proteolytic and prothrombotic factors in the artery
wall, again consistent with the remodeling of atheromata
into a more stable phenotype [42].
Unlike humans, mice have a naturally high plasma
HDL:LDL ratio, providing a strong intrinsic resistance
to atherosclerosis. Drastic manipulations of plasma
lipoproteins are required, therefore, to induce arterial
lipoprotein accumulation and sequelae. A revolution
in murine atherosclerosis research began in the 1980s
when Breslow and colleagues began applying transgenic techniques to create mice that were models of
human lipoprotein metabolism [43]. With the emerging
technique of gene inactivation through homologous
recombination (“knock out”), came the ability to recreate
important aspects of human lipid metabolism in mice.
Most mouse models of atherosclerosis are derived from
two basic models: the apolipoprotein E (apoE)-null
(apoE−/−) mouse [44, 45] and the LDL receptor-null
(LDLR−/−) mouse [46]. In these models, the normally
low plasma apoB levels are increased to atherogenic
levels by eliminating either a ligand (apoE−/−) or a
receptor (LDLR−/−) for lipoprotein clearance. Feeding
these modified mice with a cholesterol-enriched and
fat-enriched diet (Western diet (WD)) increased plasma
apoB levels to an even greater degree, resulting in accelerated plaque formation in the major arteries. Gene transfer
was the first strategy used to achieve plaque regression in
mice. For example, injection of LDLR−/− mice that had
developed fatty streak lesions after a five-week WD with
an adenoviral vector containing cDNA encoding human
apoA-I caused a significant increase in HDL-cholesterol
level and, importantly, regression of fatty streak lesions
at a sampling point four weeks later [47]. The ability of
HDL-like particles to rapidly remodel plaques in mice
was shown by infusion of apoA-IMilano /PC complexes, a
variant of apolipoprotein A-I identified in individuals
who exhibit very low HDL-cholesterol levels. Infusion of
this complex reduced foam cell content in arterial lesions
in apoE−/− mice within 48 hours [48]. This finding was
corroborated by a specific transplantation model that we
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reported in 2001 [49], described later. Although another
HDL protein, apolipoprotein M, has been overexpressed
in mice to retard plaque progression [50], evaluation of
its role in regression has not yet been reported.
Another major target of gene transfer to achieve
regression in mice is hepatic overexpression of apoE,
which increases the clearance of plasma atherogenic
lipoproteins through receptors in the liver for LDL [46]
and for postprandial lipoprotein remnants [32, 51–53].
Following successful transient reduction of atherosclerosis progression in apoE−/− mice with short-term
adenoviral-mediated expression of apoE [54], a number
of laboratories capitalized on the greater duration of
apoE expression afforded by “second-generation” viral
vectors [55]. For example, in LDLR−/− mice fed a WD
for 14 weeks to develop plaques abundant in foam cells
(∼50% macrophage content), increased expression of
apoE resulted in significant plaque regression, despite
having no discernible effect on fasting plasma lipoprotein
levels [56]. These findings were attributed in part to the
entry of expressed apoE into the vessel wall, consistent
with other studies [36, 57]; however, another plausible mechanism is that expressed apoE might have also
improved clearance of atherogenic lipoproteins in the
postprandial state.

Transplantation Model
of Atherosclerosis Regression
To further explore cellular and molecular mechanisms
of atherosclerosis regression in murine models, we and
others have developed new approaches to rapidly induce
robust improvements in the plaque environment and trigger lesion remodeling and regression. Our study group
developed the technique of transplanting a segment of
the plaque-containing aorta from a (WD-fed) hyperlipidemic apoE−/− mouse (i.e. an extremely pro-atherogenic
milieu consisting of high plasma apoB levels and low
HDL-cholesterol levels) into a wild-type recipient (i.e.
rapidly normalizing the lipoprotein environment, which
is sustainable indefinitely). This approach allows analysis
of plaques of any degree of complexity. We found that
transplanting early lesions [58, 59] or advanced, complicated plaques into wild-type recipients substantially
reduced foam cell content and increased the number of
smooth muscle cells, particularly in the cap, which is consistent with plaque stabilization and regression [60, 61].
The loss of foam cells from early lesions was surprisingly
rapid, with large decreases evident as early as three days
post-transplantation (Figure 1.1) [58, 59]. With advanced
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3 days posttransplantation
Figure 1.1 Regression of plaques. ApoE−/− mice were fed a West-

ern diet for 16 weeks to develop advanced atherosclerosis. Aortic
arches from these mice were either harvested and analyzed by histochemical methods, or were transplanted into apoE−/− (“progression”) or wild-type (“regression”) recipient mice. Three or seven days
later, the same analyses were performed. Shown are the histochemical results for the foam-cell marker CD68 (red). The pictures show the
immunostaining of representative aortic lesions in cross section. The
virtual absence of foam cells can be seen in the “regression” group. In
contrast with the “regression” results, the “progression” group showed
persistence of foam cells.

lesions, all features regressed after nine weeks, including
necrosis, cholesterol clefts, and fibrosis [60, 61].
By using the transplantation model, we characterized
cellular and molecular features of the regressing plaque.
An early question we sought to answer concerned the fate
of the disappearing foam cells – was their disappearance
due to apoptosis and phagocytosis by newly recruited
macrophages or emigration? Interestingly, we found that
the rapid loss of foam cells was largely accounted for
by their emigration into regional and systemic lymph
nodes. Furthermore, we found that the wild-type milieu
provoked foam cells to display markers characteristic
of both macrophages and, surprisingly, dendritic cells,
which enabled emigration [58, 59, 62]
Using laser microdissection to remove foam cells
from regressing and non-regressing plaques [63, 64],
analyses revealed the presence of mRNA for CCR7 [59],
chemokine (C—C motif) receptor 7, which is required
for dendritic cell emigration [65]. Interestingly, injection
of wild-type recipient animals with antibodies against
the two CCR7 ligands, CCL19 and CCL21, inhibited the
majority of foam cells from emigrating from the aortic
transplant lesions, establishing a functional role for CCR7
in regression [59].
In addition, mRNA concentrations of several wellknown proteins implicated in atherothrombosis, such as
vascular cell adhesion protein-1 (VCAM-1), monocyte
chemotactic protein 1 (MCP-1), and tissue factor, are

decreased in foam cells during regression. Also, the
level of mRNA for the nuclear oxysterol liver X receptor [alpha] (LXRα) – known to be induced in vitro
by oxidized sterols [66, 67] – significantly increased
in vivo, as did its anti-atherogenic target ATP-binding
cassette 1 (ABCA-1) [59]. Intriguingly, systemic administration of an LXR agonist caused lesion regression
in LDLR−/− mice [68], although the concomitant
development of fatty liver has dampened enthusiasm for this approach in humans [69]. Interestingly,
we discovered that LXR activation in macrophages
promoted regression in vivo and was dependent on
CCR7 expression [70]. It is unlikely that regression
of atherosclerosis occurs only through one mechanism. A recent report showed that netrin-1, a neuroimmune guidance cue, was secreted by macrophages in
human and mouse atheroma, where it inactivated the
migration of macrophages toward chemokines (such as
CCL19, a ligand for CCR7) linked to their egress from
plaques [70]. These findings suggest that inhibition of
netrin-1 may be one method of inducing regression
of atherosclerosis. Overall, these findings indicate that
regression does not simply comprise the events leading
to lesion progression in reverse order; instead, it involves
specific cellular and molecular pathways that eventually
mobilize all pathologic components of the plaque.

HDL and Plaque Regression
At least three plasma parameters are changed in the
transplantation model when the regression is observed:
(i) non-HDL levels decreased, (ii) HDL levels were
restored from ∼33% of normal to wild-type levels, and
(iii) apoE was now present. For this review, we will
focus on the HDL change. To selectively test this as a
regression factor, we adopted the transplant approach by
using as recipients human apoAI transgenic/apoE−/−
mice (hAI/EKO) or apoAI−/− mice [70]. Briefly,
plaque-bearing aortic arches from apoE−/− mice (low
HDL-C, high non-HDL-C) were transplanted into recipient mice with differing levels of HDL-C and non-HDL-C:
C57BL/6 mice (normal HDL-C, low non-HDL-C),
apoAI−/− mice (low HDL-C, low non-HDL-C), or
hAI/EKO mice (normal HDL-C, high non-HDL-C).
Remarkably, despite persistently elevated non-HDL-C
in hAI/EKO recipients, plaque CD68(+) cell content
decreased by >50% by one week after transplantation,
whereas there was little change in apoAI−/− recipient
mice despite hypolipidemia. Interestingly, the reduced
content of plaque CD68+ cells was associated with their
emigration and induction of their chemokine receptor
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CCR7 [70]. These data are consistent with a recent
meta-analysis of clinical studies in which it was shown
that atherosclerosis regression (assessed by intravascular
ultrasonography (IVUS)) after LDL lowering was most
likely to be achieved when HDL was also significantly
increased [71].
The induction of CCR7 is also likely related to changes
in the sterol content of foam cells when they are placed
in a regression environment, given that its promoter has
a putative sterol regulatory element (SRE). This idea is in
agreement with a report that demonstrated that loading
THP-1 human monocytes with oxidized LDL suppresses
the expression of this gene [72]. Notably, we have found
that statins, potent regulators of SRE-dependent transcription, can induce CCR7 expression in vivo and
promote regression via emigration of CD68+ cells in a
CCR7-dependent manner [73]. Recently, it was reported
that both atorvastatin and rosuvastatin can promote
regression of atherosclerosis as assessed by IVUS [74].
Our data, therefore, suggest that activation of the CCR7
pathway may be one contributing mechanism.
Another aspect of interest has been the effect of HDL
on the inflammatory state of CD68+ cells in plaques. A
number of benefits from this can be envisioned, such as
reduced production of monocyte-attracting chemokines
and plaque “healing” by macrophages prodded to become
tissue re-modelers (M2 macrophages). There are multiple reasons for HDL to have anti-inflammatory effects
on plaques, including the antioxidant properties of its
enzymatic and non-enzymatic components, the ability
to remove normal and toxic lipid species from cells, and
the dampening of TLR signaling by regulating plasma
membrane cholesterol content [75]. It is important to
note that in CD68+ cells laser-captured from the plaques,
normalization of HDL-C led to decreased expression
of inflammatory factors and enrichment of markers of
the M2 macrophage state [76, 77]. Macrophage heterogeneity in human atherosclerotic plaques is widely
recognized, with both M1 (activated) and M2 markers
being detectable in lesions [78] but little is known about
the factors that regulate M2 marker expression in plaques
in vivo.
Cholesterol homeostasis has also recently been
investigated with microRNAs (miRNA), which are
small endogenous non-protein-coding RNAs that are
post-transcriptional regulators of genes involved in physiological processes. MiR-33, an intronic miRNA located
within the gene-encoding sterol-regulatory element
binding protein-2, inhibits hepatic expression of both
ABCA-1 and ABCG-1, reducing HDL-C concentrations,
as well as ABCA-1 expression in macrophages, thus
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resulting in decreased cholesterol efflux. Interestingly,
enrichment of M2 markers in plaque CD68+ cells was
observed in LDLR−/− mice treated with an antagomir
of miR-33 [79]. The treated mice also exhibited plaque
regression (fewer macrophages). The therapeutic potential of miR-33 antagomirs to cause similar benefits in
people was suggested by plasma levels of HDL being
raised in treated non-human primates [80]. Thus, antagonism of miR-33 may represent a novel approach to
enhancing macrophage cholesterol efflux and raising
HDL-C levels in the future.
Recently, Voight and colleagues [81] reported, using
Mendelian randomization, that some genetic mechanisms (i.e. endothelial lipase polymorphisms) that raise
plasma HDL cholesterol do not seem to lower the risk of
myocardial infarction. These data potentially challenge
the concept that raising of plasma HDL cholesterol will
uniformly translate into reductions in the risk of myocardial infarction. However, it is important to note that
these results should not lead one to abandon the concept
that HDL is beneficial but rather may indicate that it is
time to alter the HDL hypothesis – it is not the quantity
of HDL but rather the quality or functionality that is
critical. We need clinical trials that have HDL function as
an endpoint rather than simply the level.

Plaque Regression: Evidence from
Clinical Studies
Statins, Niacin, HDL, and CETP Inhibitors
The first prospective, interventional study to demonstrate
plaque regression in humans was in the mid-1960s, in
which approximately 10% of patients (n = 31) treated
with niacin showed improved femoral angiograms [82].
Larger trials of lipid-lowering have since demonstrated
angiographic evidence of regression; however, though
statistically significant, the effects were surprisingly small,
particularly in light of large reductions in clinical events
[16–18, 83]. This “angiographic paradox” was resolved
with the realization that lipid-rich, vulnerable plaques
have a central role in acute coronary syndromes. A vulnerable plaque is characterized by being small, causing
less than 50% occlusion, and being full of intracellular
and extracellular lipid, rich in macrophages and tissue
factor, with low concentrations of smooth muscle cells,
and with only a thin fibrous cap under an intact endothelial layer [20, 24, 83, 84]. Rupture of a vulnerable plaque
provokes the formation of a robust local clot, and hence
vessel occlusion and acute infarction [85]. Lipid lowering,
which promoted measurable shrinkage of angiographically prominent but presumably stable lesions, probably
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had a greater impact on risk reduction by the remodeling
and stabilization of small, rupture-prone lesions [83, 84].
Regression studies in animal models strongly support this
interpretation, given that macrophage content, a key hallmark of instability, can be rapidly corrected with robust
improvements in the plaque lipoprotein environment.
In order to track potentially more important changes
in plaque composition, to avoid the confounding effects
of lesion remodeling on lumen size, arterial wall imaging
is required. Recent human trials have switched from
quantitative angiography, which images only the vascular lumen, to techniques that image plaque calcium (e.g.
electron-beam CT) and plaque volume (e.g. IVUS). A retrospective analysis found that aggressive LDL-cholesterol
lowering with statins correlated significantly with reduction in coronary calcium volume score by electron-beam
CT, indicating that coronary artery calcifications can
shrink [86]. In the Reversal of Atherosclerosis with
Aggressive Lipid Lowering (REVERSAL) study [87]
and A Study to Evaluate the Effect of Rosuvastatin on
Intravascular Ultrasound-Derived Coronary Atheroma
Burden (ASTEROID) [88], patients with acute coronary
syndromes were treated for over a year with high-dose
statins and evaluated by IVUS. The REVERSAL trial
compared the high-dose statin therapy with a conventional, less-potent statin regimen. During 18 months
of treatment, patients treated with the conventional
regimen exhibited statistically significant progression
of atheroma volume (+2.7%), despite achieving average
LDL-cholesterol levels of 2.8 mmol l−1 (110 mg dl−1 )
and, therefore, meeting the then-current Adult Treatment Panel III goal [89]. By contrast, the high-dose
statin group experienced no significant progression
of atheroma volume (average LDL-cholesterol level,
2 mmol l−1 [79 mg dl−1 ]). Importantly, analysis across the
treatment groups found that LDL reduction exceeding
approximately 50% was associated with a decrease in
atheroma volume. In ASTEROID, all patients received
the same high-dose therapy for 24 months, and IVUS
findings pretreatment and post-treatment were compared. During treatment, LDL cholesterol dropped to
1.6 mmol l−1 (60.8 mg dl−1 ), and atheroma volume shrank
by a median of 6.8%. Thus, in both of these studies,
extensive LDL-cholesterol lowering for extended periods
caused established plaques to shrink. The greater efficacy seen in ASTEROID could be explained by the lower
median LDL-cholesterol level, but also by the longer treatment period and higher HDL-cholesterol levels achieved
than those in REVERSAL. As in earlier angiographic
studies, we believe that these reductions in plaque volume are accompanied by favorable alterations in plaque

biology, a theory which is further supported by evidence
that robust plasma LDL lowering to 1.0–1.6 mmol l−1
or below (≤40–60 mg dl−1 ) is associated with further
reductions in cardiovascular events [90].
In addition to the preclinical studies reviewed above,
there are a limited number of human studies in which
HDL levels have been manipulated by infusion, and
the effects on plaques assessed. In the first [90],
patients at high risk for cardiovascular disease were
infused with either an artificial form of HDL (apoAI
milano/phospholipid complexes) or saline (placebo)
once a week for five weeks. By IVUS, there was a significant reduction in atheroma volume (−4.2%) in the
combined (high and low dose) treatment group, though
no dose response was observed of a higher vs. lower dose
of the artificial HDL. There was no significant difference
in atheroma volume compared to the placebo group, but
the study was not powered for a direct comparison. In
the second infusion study, high-risk patients received
four weekly infusions with reconstituted HDL (rHDL;
containing wild-type apoAI) or saline (placebo) [90].
Similar to the previous study, there was a significant
decrease in atheroma volume (−3.4%) (as assessed by
IVUS) after treatment with rHDL compared to baseline,
but not compared to placebo (which the study was not
powered for). However, the rHDL group had statistically
significant improvements in plaque characterization
index and in a coronary stenosis score on quantitative
coronary angiography compared to the placebo group.
In the third infusion trial [90], a single dose of reconstituted human HDL was infused into patients undergoing
femoral atherectomies, with the procedure performed
5–7 days later. Compared to the control group (receiving
saline solution), in the excised plaque samples in the
HDL infusion group macrophage activation state (i.e.
diminished VCAM-1 expression), as well as cell size (due
to diminished lipid content), were reduced.
In addition to the aforementioned meta-analysis of
statin trials in which the relationships among LDL, HDL,
and plaque regression were analyzed, there are also a
number of other drug studies in which effects on plaques
were ascribed to the raising of HDL levels. This includes
the VA-HIT study, in which coronary events were reduced
by 11% with gemfibrozil for every 5-mg dl−1 increase in
HDL-C. In another series of studies (ARBITER [91–94]),
high-risk patients were placed on either statins or statins
plus niacin. Over an 18–24 month observation period,
carotid intimal-medial thickness (cIMT) measurements
were obtained as a surrogate for coronary artery plaque
burden. As expected, when niacin was part of the treatment, HDL-C levels were increased (by 18.4%), and the
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authors attributed the improvement in cIMT particularly
to this change. It is important to note that niacin does
more than just raise HDL-C levels; it also decreases
plasma triglyceride levels, makes LDL size increase, and
possesses anti-inflammatory properties, all of which have
the potential to limit plaque progression [95–97]. These
pleiotropic effects obviously confound the interpretation
of both the ARBITER and another statin-niacin clinical
trial, the HATS study [98]. In the latter study, the addition of niacin to statin treatment resulted not only in a
reduction in coronary artery stenosis but also in events.
The encouraging results with niacin, however, were
recently called into question by the early termination of
the AIM-HIGH study, which failed to show a benefit in
the treatment group [99]. This study has been criticized,
however, as being underpowered and for the fact that
both the treatment group and the control group in the
study received statin therapy, making additional benefits
harder to detect, as well as for the placebo that the control
patients received, which was a low dose of niacin [100].
Recently, cholesteryl ester transfer protein (CETP)
inhibitors have been investigated as pharmacological
agents to raise HDL levels. Surprisingly, torcetrapib, the
first CETP inhibitor tested in a clinical trial, increased
the all-cause mortality and cardiovascular events, which
led to the premature ending of the ILLUMINATE trial
[101]. Subsequent studies indicated that the observed
off-target effects of torcetrapib (increased blood pressure
and low serum potassium by stimulation of aldosterone
production) were rather molecule specific, unrelated
to CETP inhibition and thereby might have overshadowed the beneficial effects of the raised HDL-C levels.
Importantly, post hoc analysis of ILLUMINATE showed
that subjects with greater increases of HDL-C or apoAI
levels had a lower rate of major cardiovascular events
within the torcetrapib group [102]. Despite the general
failure of torcetrapib, in the post hoc analysis of the
Investigation of Lipid Level Management Using Coronary Ultrasound to Assess Reduction of Atherosclerosis
by CETP Inhibition and HDL Elevation (ILLUSTRATE)
study, regression of coronary atherosclerosis (as assessed
by IVUS) was observed in patients who achieved the
highest HDL-C levels with torcetrapib treatment. In vitro
studies showed an improved functionality of HDL-C
particles under CETP inhibition, as HDL-C isolated from
patients treated with torcetrapib and anacetrapib exhibited an increased ability to promote cholesterol efflux
from macrophages. Indeed, the CETP inhibitors anacetrapib, dalcetrapib, and evacetrapib increase HDL-C
levels between 30% and 138%, and have not shown the
off-target effects of torcetrapib in recent clinical phase II
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trials, confirming the premise of non-class related toxicity
of torcetrapib [103–106] Thus, raising HDL-C by CETP
inhibition or modulation remains a potential therapeutic
approach for an atherosclerotic cardiovascular disease.
Large clinical outcome trials were initiated for dalcetrapib
(dal-OUTCOMES) and anacetrapib (REVEAL), including a total of approximately 45 000 patients. Surprisingly,
in May 2012 Roche stopped the dal-HEART program for
dalcetrapib after an interim analysis of dal-OUTCOMES
due to a lack of clinically meaningful efficacy. The failure
of dal-OUTCOMES might have been a result of the
rather moderate increases in HDL-C levels (30%) and
minor impact on LDL-C levels induced by dalcetrapib,
a fate that does not necessarily apply for anacetrapib,
which has been shown to increase HDL-C levels by
138% accompanied by more robust reductions in LDL-C
levels [107]. Whether the failure of dal-OUTCOMES
challenges the benefits of raising HDL-C in general, or
rather the underlying mechanisms of how HDL-C is to
be raised, will be answered by the phase III study with
anacetrapib which is expected over the next few years.

Novel Imaging Modalities
While IVUS has provided important coronary anatomic
information, there is still a need for imaging modalities
that provide more details. Optical coherence tomography (OCT) has revolutionized intracoronary imaging.
The unprecedented spatial resolution of this technique
(15 μm) provides unique insights into the microstructure
of the coronary wall. Currently, OCT is increasingly used
in clinical practice and also constitutes an emerging,
highly robust research tool. OCT allows detailed visualization of atherosclerotic plaques and provides reliable
information on plaque composition (lipid, fibrous, calcified). Importantly, OCT is the only technique allowing
accurate measurements of the thickness of the fibrous
cap, a classical marker of plaque vulnerability, and readily
detects thin-cap fibroatheromas. In patients with acute
coronary syndromes, plaque ruptures, with associated
red or white thrombus, are nicely identified [108]. The
lipid core is an important plaque component, and its
relationship with macrophages and the vulnerable plaque
has been established in animal models. Near-infrared
spectroscopy (NIRS) is a technique that can identify the
lipid core burden in the coronary arteries. It works by the
light of discrete wavelengths from a laser being directed
onto the tissue sample via glass fibers. Light scattered
from the samples is then collected in fibers and launched
into a spectrometer. The plot of signal intensity as a
function of wavelength is subsequently used to develop
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Figure 1.2 Retention, responses, and regression: 1, oxidation; 2, diapedesis; 3, foam cell formation; 4, RCT; 5, 6, macrophage egress from lesion
to lumen and adventitia, respectively. HDL can inhibit processes 1–3 and promote 4–6. Macrophage egress can occur through the upregulation
of CCR7 via activation of the sterol regulatory element binding protein (SREBP) pathway.

chemometric models to discriminate lipid-cores from
the non-atherosclerotic tissue [109]. Ideally, it is the early
detection and characterization of atherosclerotic lesions
susceptible to sudden rupture and thrombosis that need
to be achieved. Plaque development has been extensively
studied using magnetic resonance imaging (MRI) in
animal models of rapidly progressing atherosclerosis.
MRI permits the accurate assessment of atherosclerotic
plaque burden and the differentiation between the lipid
and fibrous content of individual plaques, thus providing a non-invasive approach to serially monitor the
evolution of individual plaques. In addition, 18F-FDG
positron emission tomography (PET) is a relatively new
non-invasive tool for inflammation functional imaging. Low spatial resolution is now compensated for by
co-registration with CT or MRI. One can envision having
novel contrast agents that target specific plaque components or a diverse set of molecules within the plaque
which would elucidate the changes at the cellular and
molecular levels during plaque progression and regression. We have demonstrated the feasibility of this concept
in a study in which the detection of macrophages using a
nanoparticulate contrast agent was achieved. The above
has important implications as pharmaceutical companies

are looking for early surrogate markers that could be
evaluated in a small number of patients to predict the
beneficial effects of new drugs on atherosclerotic plaques
before moving to costly clinical trials with a large number
of patients [110–112].

Conclusion
The crucial event in atherosclerosis initiation is the retention, or trapping, of apoB-containing lipoproteins within
the arterial wall; this process leads to local responses to
this retained material, including a maladaptive infiltrate
of macrophages that consume the retained lipoproteins
but then fail to emigrate. Regression (i.e. shrinkage and
healing) of advanced, complex atherosclerotic plaques
has been clearly documented in animals, and plausible evidence supports its occurrence in humans as
well. Data have shown that plaque regression requires
robust improvements in the plaque environment, specifically large reductions in plasma concentrations of
apoB-lipoproteins and large increases in the reverse
transport of lipids out of the plaque for disposal. Furthermore, it is important to note that regression is not
merely a rewinding of progression, but instead involves
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a coordinated series of events such as emigration of the
macrophage infiltrate, followed by the initiation of a
stream of healthy, normally functioning phagocytes that
mobilize necrotic debris and all other components of
advanced plaques (Figure 1.2).
For regression of atheromata to become a realistic therapeutic goal, clinicians must be provided with tools that
extensively change plasma lipoprotein concentrations and
plaque biology while avoiding adverse effects. To date, the
animal and human studies that achieved plaque regression required large reductions in plasma levels of apoB,
sometimes combined with brisk enhancements in reverse
cholesterol transport. Unfortunately, most patients who
take statins, for example, will not achieve and sustain the
dramatically low LDL-cholesterol levels seen in chow-fed
nonhuman primates. Although the PCSK9 inhibitors
dramatically lower cholesterol, time will tell whether they
also significantly reduce plaque burden, stabilize remaining plaque, and reduce cardiac events. Experimental
agents designed to accelerate reverse cholesterol transport from plaques into the liver include PC liposomes,
apoA-I/PC complexes, and apoA-I mimetic peptides.
Other small molecules have been investigated preclinically for their potential to enhance HDL-cholesterol
levels and reverse lipid transport, such as agonists for
LXR and peroxisome proliferator-activated receptors.
On the basis of the experimental data summarized
above, we expect that the best regression results will be
observed when plasma LDL-cholesterol concentrations
are reduced and HDL-cholesterol function in reverse
lipid transport is enhanced. Indeed, years of work have
demonstrated that the plaque and its components are
dynamic. Most recently, by performing microarrays we
have discovered that regression of atherosclerosis is characterized by broad changes in the plaque macrophage
transcriptome with preferential expression of genes that
reduce cellular adhesion, enhance cellular motility, and
overall act to suppress inflammation [113]. Additional
strategies, such as specific induction of pro-emigrant
molecules to provoke foam cells to leave the arterial wall
(e.g. via CCR7), should attract pharmaceutical interest.
Furthermore, there is a need for clinical trials that use
the imaging modalities described above to identify the
specific effects of novel agents on plaque components
rather than just atheroma size. In conclusion, we provide
evidence that the plaque is dynamic and depending on
the conditions macrophages, which play a crucial role in
atherogenesis, can exit the lesions, proving that regression
is indeed possible. However, there is still much work to
be done, and ultimately the insights gained will lead to
new therapeutic targets against cardiovascular disease.
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CHAPTER 2

Non-Invasive Testing in Peripheral Arterial
Disease
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Summary
The vascular laboratory, CTA and MRA techniques allow
accurate and non-invasive assessment of the presence
and severity of PAD. The functional tests, such as ABIs
and PVRs, often provide the most important objective
information on the presence of limb ischemia. Duplex
ultrasound, CTA, and MRA provide more anatomical
information related to the disease, which is important
in procedure planning. A solid understanding of the
principles, indications, and limitations of each of these
modalities is critical for the correct interpretation and
clinical use of these tests.

Ankle-Brachial Index
The ankle-brachial index (ABI) is the ratio of the systolic
blood pressure measured at the ankle (posterior tibial
(PT) and dorsalis pedis (DP) arteries) to the systolic
blood pressure measured at the brachial artery. An ABI
is reported for each leg. The ABI informs on the presence
of hemodynamically significant disease from the brachial
arteries down to the tibioperoneal arteries, without
providing specific information on the level of obstruction. The ABI is usually the first diagnostic test to be
performed in the evaluation of patients with peripheral
arterial disease (PAD). The test is non-invasive, quick, and
relatively easy to perform, and has good reproducibility
(Table 2.1). The blood pressure is measured by assessing
blood flow distal to an inflated cuff (the width of the
cuff should be at least 40% of the limb circumference).
The best validated and most commonly used method for
measuring blood pressure is to use a handheld Doppler

to assess arterial blood flow distal to the cuff, however,
blood pressure measured by oscillometry (the system
used in most automated systems) has also been validated
for determining the ABI.
The bilateral brachial systolic blood pressures should
be similar (less than 15 mmHg difference). A brachial
pressure differential >20 mmHg should raise the possibility of innominate, subclavian, or axillary artery stenosis.
The ABI of each leg should be calculated by dividing the
higher of the PT or DP pressures by the higher of the
two brachial systolic blood pressures (Figure 2.1). The
sensitivity and specificity of the ABI for the diagnosis of
PAD are approximately 72% and 96%, respectively [1, 2].
ABI calculations using the lower, rather than the higher,
of the DP or PT pressures results in a lower sensitivity
but higher specificity for the detection of PAD. A normal
ABI exists when the ratio between the ankle and brachial
systolic pressures equals 1.0. Although the general consensus is that an ABI of 0.9 or less is required for the
diagnosis of PAD, an ABI between 0.91 and 0.99 should
be considered borderline. An ABI of 0.7–0.9 reflects mild
disease, an ABI of 0.4–0.69 reflects moderate disease,
and an ABI below 0.4 is consistent with severe PAD. It is
important to note that the absolute ABI does not always
correlate with the clinical status of the patient, but rather
provides a rough index of the severity of PAD.
In the interpretation of an ABI, not only should the
ratio of the two blood pressures be considered, but also
the absolute ankle pressure in mmHg. This is especially
important in patients presenting with limb ulceration,
in whom an ischemic etiology is considered. Ankle
pressures <50 mmHg are indicative of severe PAD
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Table 2.1 Functional and anatomical non-invasive studies used in
the evaluation of patients with peripheral arterial disease.
Functional studies

Anatomic studies

Ankle-brachial index (ABI)
Toe-brachial index (TBI)
Segmental pressures
Pulse volume recordings (PVRs)

Duplex ultrasound
CT angiography (CTA)
MR angiography (MRA)
Conventional catheterbased angiography

Transcutaneous oxygen saturation
(TcO2 )
Photoplethysmography (PPG)
Duplex ultrasound

119 Brachial 115

159–1.34 pt
162–1.36 dp

167–1.40 pt
168–1.41 dp

1.36 − Ankle-brachial Index-1.41
Figure 2.1 Ankle-brachial index (ABI). An ABI is calculated for each

lower extremity. The numerator is the ipsilateral dorsalis pedis (DP)
or posterior tibial (PT) systolic pressures, whichever is higher. The
denominator for the bilateral ABIs is the higher of the two brachial
pressures. In this example, the right ABI is 162/119 = 1.36; the left
ABI is 168/119 = 1.41.

(usually multilevel disease) and suggests that an ischemic
wound may not have sufficient perfusion to heal.
Abnormally High ABI
When the DP/PT arteries become heavily calcified,
they may not compress normally during blood pressure
cuff inflation, thereby giving an abnormally high (or
falsely elevated) ABI. ABIs > 1.40 have been associated
with excess cardiovascular risk. Occasionally, these
arteries may be non-compressible despite cuff pressures
>250 mmHg, in which case the ABI cannot be calculated. Such calcification is often seen in patients with
renal insufficiency (especially dialysis patients), medial
calcinosis, or with long-standing diabetes mellitus. If
such a situation is suspected or encountered, the distal
limb blood pressure can be taken at the great toe using
photoplethysmography (PPG) because the toe vessels
rarely calcify. The ratio between the great toe and brachial

systolic pressures is called the toe-brachial index (TBI).
A normal TBI is considered as 0.75 or higher.
Exercise ABI
When a patient is being evaluated for exertional leg
discomfort, and the ABI at rest is normal or only mildly
reduced in a way that does not fully explain the patient’s
symptoms, the ABI should be measured after the patient
exercises. This strategy is useful in distinguishing claudication from “pseudo-claudication” secondary to other
conditions, such as spinal stenosis. Ideally, the patient
should exercise to the point of reproducing the exertional
leg symptoms. Generally, most non-invasive vascular
laboratories employ the Gardner protocol, which is a
standardized, constant-speed, constant-grade, exercise
protocol used in the investigation of PAD. Patients walk
on a treadmill at a 12∘ incline, a speed of 2 mph, and for at
least five minutes or symptom-limited [3]. Immediately
post-exercise, the ABI should be repeated in both legs.
A decrease of at least 20 mmHg in the ankle pressures
suggests hemodynamically significant PAD. A normal
post exercise ABI, or stable ankle pressures, virtually
excludes PAD as the etiology of the patient’s claudication.

Segmental Limb Pressures
Measurement of segmental blood pressures can help
localize the level of occlusive disease in PAD. Blood
pressure is measured at different levels of the lower
extremities using adequately sized cuffs. The cuffs are
placed on the thigh (either one in the upper thigh and
one in the lower thigh, or just one lower thigh cuff), calf,
ankle, and metatarsal region of the foot (Figures 2.2 and
2.3). The blood pressure is assessed at the artery distal
to the cuff using a handheld Doppler ultrasound. The
thigh pressure should be ≥30 mmHg greater than the
reference arm pressure. A pressure gradient between any
two adjacent levels in the lower extremities is considered
normal if it is less than 20 mmHg. A gradient ≥30 mmHg
indicates a hemodynamically significant lesion in the segment proximal to the pressure decreased (Table 2.2). A
“horizontal” pressure difference of ≥30 mmHg between
the right and left limbs at the same level may indicate the
presence of disease at or above the segment of the limb
with the pressure decreased.

Pulse Volume Recordings
Pulse volume recording (PVR) tracings depict changes
in the volume of the limb during arterial pulsations. The
cuffs are located at the same levels as for segmental limb
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R. Thigh

PVR Size: 15

L. Thigh

PVR Size: 15

L. Calf

PVR Size: 15

L. Ankle

PVR Size: 15

L. Metatarsal

PVR Size: 15

L. Ankle

PVR Size: 15
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Segmental BP
127 - Brachial - 123
R. Calf

R. Ankle

PVR Size: 15

PVR Size: 15

148
1.17

154
1.21
R. Metatarsal

142
1.12

PVR Size: 15

153–1.20pt
153–1.20dp

R. Ankle

151
1.19

155–1.22pt
154–1.21dp

PVR Size: 15

1.20 - Ankle-brachial Index - 1.22

Exercise Post Bl: 1.07

Exercise Post Bl: 0.97

Figure 2.2 Normal non-invasive physiological arterial study of the bilateral lower extremities. Normal bilateral ABIs at rest. All PVR waveforms show clear dichrotic notches, normal bilateral calf augmentation is seen, and adequate pulsatility and amplitude are retained down to
the ankle and metatarsal levels. Segmental limb pressures are normal, with the expected increased thigh pressure relative to brachial pressure,
with no significant vertical or horizontal gradients noted (see text for details).

pressures (Figures 2.2 and 2.3). The cuffs are inflated to
approximately 60–65 mmHg. A normal PVR waveform
is similar to the waveform seen with intra-arterial blood
pressure tracings, and consists of a rapid systolic upstroke,
a rapid initial downstroke, a prominent dichrotic notch,
and smooth late equalization in the remainder of diastole.
Waveforms obtained distal to a hemodynamically significant stenotic lesion usually have a delayed upstroke,
decreased amplitude, and disappearance of the dichrotic
notch. With severe disease, the waveforms ultimately
become flat or nonpulsatile. The level of a stenosis
can therefore be inferred based on the PVR
waveforms.
PVR waveforms obtained at the level of the calf should
have at least a 50% greater amplitude compared to the
thigh PVR waveforms; this is referred to as normal “calf

augmentation.” A decrease in the amplitude (or failure
to augment) of the calf PVR relative to that in the thigh
suggests hemodynamically significant stenosis at the level
of the superficial femoral or popliteal arteries. Blunted
waveforms at the level of the thigh suggest disease above
the level of the cuff, involving the common iliac, external iliac, common femoral, or the proximal superficial
femoral arteries (SFA). If blunted waveforms are noted
in the thigh cuffs bilaterally, the possibility of bilateral
aortoiliac or aortic disease (e.g. mid-aortic syndrome)
should be considered. When faced with a blunted thigh
PVR waveform, it is important that clinicians distinguish
whether there is inflow disease (aortoiliac) or SFA disease,
as the management may be different. Continuous wave
(CW) Doppler interrogation at the common femoral
artery can help distinguish these two possibilities.
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SEGMENTAL PRESSURE
AND PVR STUDY
Brachial
RIGHT
LEFT
114

PVR 69mmHg 745cc
Gain:
4 Spd: 25

RIGHT High
Amp: 30

120

Thigh

PVR 66mmHg 744cc
Gain:
4 Spd: 25

PVR 67mmHg 448cc
RIGHT Above
Gain:
4 Spd: 25
Amp: 28

PVR 67mmHg 268cc
RIGHT Below
Gain:
4 Spd: 25
Amp: 25

PVR 66mmHg 199cc
Gain:
4 Spd: 25

1.48

162

178

N/C

N/C

Knee

PVR 67mmHg 454cc
LEFT Above Knee
LEFT Gain:
4 Spd: 25
Amp: 27

RIGHT

N/C

DP

N/C

1.43

172

PT

143

1.19

1.37

164

145

1.21

Knee

RIGHT Ankle
Amp: 12

PVR 67mmHg 79cc
RIGHT Metatarsal
Gain:
6 Spd: 25
Amp: 14

Thigh

N/C

N/C

1.35

LEFT High
Amp: 20

ABI: 1.43
TBI: 1.37

PVR 69mmHg 251cc
LEFT Below Knee
ABI: 1.19 Gain:
4 Spd: 25
Amp: 33
TBI: 1.21

PVR 65mmHg 203cc
LEFT Ankle
Gain:
4 Spd: 25
Amp: 17

PVR 67mmHg 87cc
Gain:
6 Spd: 25

LEFT Metatarsal
Amp: 03

Figure 2.3 Non-invasive physiological arterial study of the bilateral lower extremities in a 79-year-old diabetic patient with ischemic ulceration

of the left great toe. Non-compressible bilateral SFAs and tibioperoneal arteries suggest vessel wall calcification and falsely elevated ABIs. The
left metatarsal waveforms are markedly blunted, suggesting tibioperoneal disease.
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Table 2.2 Segmental limb pressures and PVR interpretation.
Gradient

Interpretation

Brachial to brachial

Subclavian (or innominate), or
axillary stenosis/occlusion
Aortoiliac, common femoral, or

Arm to thigh

Thigh to calf
Calf to ankle
Ankle to
transmetatarsal or toe

proximal superﬁcial femoral
stenosis/occlusion
Distal SFA and/or popliteal artery
stenosis
Tibioperoneal disease
Small vessel disease or vasospasm

Three-cuff method. The thigh pressure should be ≥30 mmHg greater
than the reference arm pressure. A pressure gradient >20 mmHg
between adjacent levels in the lower extremities is abnormal.

Continuous Doppler
A complete PVR study should include Doppler interrogation of the common femoral arteries, using either pulse
wave (PW) Doppler in a duplex ultrasound machine
or CW Doppler using a hand-held device; both provide essentially the same information. A normal lower
extremity arterial Doppler waveform is triphasic with
a sharp systolic upstroke, a short reverse flow component, and a smaller forward flow component later in
diastole. In cases of proximal stenosis, these waveforms
become abnormal. Initially, the diastolic forward flow
component disappears, giving rise to biphasic waveforms.
With increasing severity of obstruction, the waveforms
become monophasic with loss of diastolic reversal; there
is a delayed upstroke, a rounded (instead of sharp) peak,
and there may be increased diastolic forward flow. A
monophasic Doppler signal at the common femoral
artery suggests aortoiliac disease.
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vasospasm, the waveforms become dampened and with
low amplitude.

Arterial Duplex Ultrasound
Vascular ultrasound studies consist of grayscale imaging,
as well as Doppler assessment which includes pulse-wave
Doppler ultrasound for spectral waveform analysis and
flow velocity determinations, and color Doppler [4]. The
sensitivity of Doppler ultrasound to detect significant
PAD is in the range of 92–95%, with specificity greater
than 97% [5, 6].
Lower extremity arterial duplex ultrasonography
is usually performed with a 5 or 7 MHz linear array
transducer. The lower extremity arterial system is systematically examined by segments, typically going from
proximal to distal: distal aorta, common iliac artery,
external iliac artery, common femoral artery, common
femoral artery bifurcation into the superficial femoral
artery and profunda femoris, superficial femoral artery
from proximal to distal, popliteal artery, trifurcation,
anterior tibial artery, posterior tibial artery, and peroneal artery. Each segment is carefully examined using
greyscale ultrasound in the short axis view to assess the
vessel wall and determine the presence of atherosclerotic
plaque. Suspected stenotic lesions and atherosclerotic
plaque should be assessed in long axis as well as in cross
section. Color Doppler is used to assess flow characteristics and areas of turbulence; PW Doppler examination is
used for spectral waveform analysis, and determinations
of peak- and end-systolic velocities (Figure 2.4) [5].

Toe Photoplethysmography
Ten-toe photoplethysmography (PPG) should be part of
a complete lower extremity non-invasive arterial evaluation. PPG is performed by placing a strapped sensor in
the distal end of each toe to measure changes and cutaneous blood flow. Toe PPG tracings should be obtained
with the patient as warm as possible. Blood attenuates
light in proportion to its content and tissue. Increased
blood flow results in decreased reflection. A normal toe
PPG tracing consists of a rapid upstroke, sharp systolic
peak with reflected wave. With decreased blood flow,
for example as seen with a proximal severe stenosis or

Duplex ultrasound examination. Calcific plaque is
seen in the distal SFA. Color Doppler highlights the degree
of luminal narrowing and demonstrates increased flow velocities
(PSV = 322 cm s−1 ; not shown).

Figure 2.4
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stenosis to the PSV proximal to stenosis that correlate
best with the degree of stenosis by angiography. Although
numerous ultrasound criteria have been promulgated
for the estimation of stenosis, the criteria we use in our
laboratory is shown in Table 2.3. Accuracy of duplex is
dependent on the quality of the examinations, which
should ideally be performed by dedicated vascular ultrasonographers. Additionally, results obtained by duplex
should be correlated with digital subtraction angiography
or CTA as “gold standards” to provide reassurance of the
accuracy of the vascular laboratory.

Waveform Analysis
Normal Doppler signals should be triphasic. A change
from triphasic to biphasic may carry significance; however, in some patients biphasic flow patterns may be
normal. Monophasic waveforms with prominent diastolic flow are always abnormal and are usually seen distal
to severe stenosis or occlusion. Waveforms in areas of
severe stenosis often demonstrate high velocities and
spectral broadening, reflecting turbulent blood flow
(Figure 2.5). Poststenotic waveforms are characterized by
slow and blunted upstrokes in what is termed “parvus et
tardus” morphology.

Surveillance after Revascularization
There are data that suggest that surveillance with duplex
ultrasound following endovascular and surgical revascularization translate into improved patency rates [7–10].
The velocity criteria used to assess degree of stenosis in
native arteries should not be applied to stented arteries.
Endovascular stents decrease arterial wall compliance,
which in turn results in increased flow velocities within
the stented segment, even in the absence of restenosis.
The presence of in-stent restenosis is generally determined based on the visualization on B-mode of intimal
thickening within the stent, turbulent flow on color
Doppler, and increased flow velocities compared to those
proximal to the stent.

Velocity Criteria
The ideal Doppler angle for vascular exams is 60∘ ,
obtained at the center stream and parallel to the walls.
Generally, peak systolic velocities in the lower extremity
arterial system range from around 120 ± 20 cm s−1 in
the iliac arteries to 70 ± 10 cm s−1 in the popliteal or
tibioperoneal arteries. As described in the Bernoulli
principle, flow velocities increase at sites of stenosis. A
direct correlation exists between the degree of stenosis
and the peak systolic velocities. However, absolute peak
systolic velocities should never be taken alone for the
estimation of stenosis. Rather, it is the ratio between the
peak systolic velocity (PSV) at the area of most severe

(a)

(b)

(c)

Figure 2.5 Spectral waveforms. A stenosis in the left mid superficial femoral artery is seen on color Doppler in the inserted box. (a) The

spectral Doppler waveforms pre-stenosis are biphasic, with a normal upstroke and a peak systolic velocity of 73.6 cm s−1 . (b) Velocities at
the site of stenosis are markedly elevated, with a PSV of 443 cm s−1 , consistent with a 75–99% stenosis (velocity ratio = 443/73.6 = 6.0).
(c) Waveforms obtained distal to the stenosis are monophasic, tardus et parvus.
Table 2.3 Duplex ultrasound velocity criteria for the estimation of the degree of stenosis in the arteries of the lower extremities.
Degree of stenosis

Stenotic : prestenotic

by angiography

PSV ratio

Waveform and B-mode analysis

<50%
50–74%
≥75%

<2 : 1 ratio
2 : 1 ratio
4 : 1 ratio

Triphasic waveform, no plaque
Monophasic waveform (biphasic possible). Signiﬁcant plaque present
Monophasic waveforms, PSV often >400 cm s−1 . Signiﬁcant plaque present

Occluded segment

—

Pre-occlusive thump, no ﬂow seen. Plaque or hypoechoic material (thrombus) present
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Surveillance after Surgical Bypass Grafting
Surgical bypass grafts are at risk of developing stenosis
and occlusion. Once the graft becomes thrombosed, secondary patency rates are dismal. If a stenosis is detected
and intervened upon prior to graft thrombosis, up to 80%
of the grafts can be salvaged (primary assisted patency)
[9, 10]. Therefore, it is critical that patients who have
undergone surgical bypass graft revascularization enter
into a well-organized surveillance program using vascular ultrasound and ABIs for the early detection of
a failing graft. The 2012 ACC Appropriate Use Criteria endorse a baseline examination within one month
of revascularization, at six to eight months within the
first year following the procedure, and yearly thereafter,
even in asymptomatic patients or those with stable
symptoms [11].
The duplex ultrasound protocol for graft surveillance
is similar to the one used in native vessels. The inflow
artery to the bypass graft should be thoroughly assessed,
measuring the PSV at a Doppler angle of 60∘ . The proximal anastomosis, proximal, mid, and distal graft, distal
anastomosis, and outflow artery should also be carefully
interrogated. Peak systolic and end-diastolic velocities are
obtained at each segment and compared to the proximal
segment. If the ratio of the PSV within a stenotic segment
to the proximal segment is greater than 2, this suggests
a 50–75% stenosis. Additionally, low flow velocities, for
example below 20 cm s−1 , should warn of impending
graft failure.

CT Angiography
CT angiography (CTA) has become one of the most
valuable non-invasive imaging modalities for the assessment of vascular diseases [12]. The main indication for
CTA is procedure planning in symptomatic patients with
PAD. With modern 64- and 256-slice CT technology, the
peripheral vascular system can be evaluated with high
spatial resolution during a single acquisition and a single
intravenous injection of contrast dye. Actual scanning
times generally occur in the range of 20 seconds, minimizing motion artifact. Although a detailed description
of the different CTA protocols used in the assessment of
arterial diseases is beyond the scope of this manuscript,
readers are referred to comprehensive reviews on the
topic [12, 13]. Modern reconstruction packages allow
the three-dimensional presentation of volumetric information, which can be of significant value in vascular
interpretation (Figure 2.6). An additional feature available in CTA, but not MRA, are curved multiplanar
reconstructions, which allow the detailed inspection of
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Figure 2.6 CTA with 3D reconstruction. Occlusion of the mid left
superficial femoral artery is seen (arrow), with distal reconstitution
via collaterals.

the vessel in its long axis to always stay in plane while the
image is scrolled.
An important limitation of CTA is that the presence
of heavy calcification of the vessel wall, and even the
presence of endovascular stents, limit visualization of the
arterial lumen and therefore limit the assessment of the
degree of stenosis. This is especially true in the tibioperoneal arteries. Common contraindications to the use of
CTA are renal dysfunction, contrast dye allergy, and ionizing radiation. A typical CTA of the aorta with bilateral
runoffs requires 100–140 ml of intravenous contrast dye
for adequate vessel opacification and visualization.

Magnetic Resonance Angiography
Magnetic resonance angiography (MRA) is an excellent
non-invasive vascular imaging modality. The sensitivity
and specificity of MRA for the detection of significant
stenotic lesions are approximately 95% and 96%, respectively [14]. Similar to CTA, the main indication of MRA
in patients with PAD is in the pre-interventional evaluation. Compared to CTA, current MRA techniques
have more limited spatial resolution that decrease the
sensitivity to detect subtle lesions. Another limitation
of MRA relates to motion artifact. Relatively longer
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acquisition times compared to CTA often result in
blurring and image degradation that may lead to overor under-estimation of the severity of a stenotic lesion.
Important advantages of MRA over CTA are avoidance of
ionizing radiation and use of non-nephrotoxic contrast
agents, although nephrogenic systemic fibrosis can occur
in patients with significant renal dysfunction (eGFR
<30 ml min−1 /1.73 m2 ) who receive gadolinium. An
important disadvantage of MRA is that it cannot be
performed in many patients with metallic implants, such
as pacemakers (although magnetic resonance imaging
(MRI)-safe permanent pacemakers are now available
and approved by the Food and Drug Administration),
epicardial pacer wires, aneurysm clips, and some metallic
implants; most contemporary inferior vena cava (IVC)
filters are MRA-safe.
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CHAPTER 3

Carotid and Innominate Artery Stenting for
High-Risk Patients
Reid Ravin, Shivani Kumar and Peter Faries
Division of Vascular Surgery, Department of Surgery, Icahn School of Medicine at Mount Sinai, New York, NY, USA

Summary
• CAS is a reasonable alternative to CEA in patients with
previous neck radiation or restenosis
• CAS may lead to fewer cranial nerve injuries and
wound complications than CEA in patients with
“hostile necks”
• Innominate artery intervention is indicated in patients
with symptomatic lesions
• Endovascular intervention is the first-line therapy for
innominate artery lesions

Introduction
Carotid artery stenting with embolic protection (CAS) is
a safe and effective alternative to carotid endarterectomy
(CEA) for symptomatic carotid stenosis and in asymptomatic patients with critical stenotic lesions [1–3].
However, multiple randomized prospective trials have
established CEA as the first-line therapy for patients
requiring carotid intervention, given the lower risk of
periprocedural stroke [4]. There is still evidence to support the selective use of CAS in patients who are at higher
risk of complication from CEA.
One subgroup of patients at risk for complication from
endarterectomy include patients with previous external
beam radiation therapy (XRT) for malignancy. Multiple
studies have shown that patients with previous XRT
with or without neck dissections are at higher risk for
cranial nerve injuries, some of which lead to significant
morbidity [5, 6]. History of previous XRT also leads to
an increased risk of wound complications, loss of clear
dissection planes, and an increased use of interposition

graft during CEA. Similar to irradiated necks, patients
who have undergone previous endarterectomy also pose
an operative challenge. Given the risk of operating in a
“hostile neck” due to radiation or previous surgery, CAS
is an acceptable if not preferable alternative to CEA [6–8].
Despite the common use of CAS in patients with
restenosis or XRT-related lesions, it is important to
establish that few of the randomized multi-center trials
include patients without primary atherosclerotic lesions,
and patients with restenotic and radiation-induced disease may have distinct outcomes. The few trials which
include restenotic and XRT lesions frequently lump
those patients in with primary atherosclerosis, without
adequate numbers to perform subgroup analysis. The
evidence for CAS in XRT and restenosis patients will be
reviewed in more detail in the next section.
The final group of patients who may benefit from
CAS over CEA are those patients with severe cardiac
disease. Several randomized trials have suggested that
these patients may have higher rates of periprocedural
complications when they undergo endarterectomy. The
extent of cardiac disease which needs to be present before
patients are better suited for CAS is not well defined and
is being actively investigated.

CAS in Select High-Risk Populations
Radiation Arteritis
Radiation arteritis has recently been defined as a unique
pathophysiological process distinct from atherosclerosis. Carotid lesions secondary to XRT have been
found to have a more fibrotic component than primary
atherosclerotic lesions. Some studies have hypothesized
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Table 3.1 Restenosis after CAS for radiation arteritis.

Author (year)

Restenosis All
Target lesion
Patient # >50%
re-intervention % revascularization%

Protack et al. (2007) [12]
23
Harrod-Kim et al. (2005) [16] 16

43
26

13
20

NR
NR

Sadek et al. (2009) [14]
Favre et al. (2008) [13]
Ravin et al. (2015) [15]

4.5
18
9.4

4.5
4.6
7

0
NR
0

19
135
43

the pathophysiology of radiation arteritis to be secondary
to increased oxidative stress after XRT, causing a chronic
inflammatory state. The incidence of these lesions has
been increasing in prevalence due to more iatrogenic use
of external beam radiation for oncologic treatment.
XRT leads to a prominent fibrotic reaction in tissue,
which causes increased difficulty in an open operation,
as dissection planes are obliterated. These patients often
have additional scar tissue from previous open neck dissections for malignancy. Patients with radiation arteritis
have been defined as high risk for open CEA, and are
at increased risk for cranial nerve injury, wound complications, and anastomotic breakdown. Patients with
radiation arteritis have been included in few multi-center
trials. XRT-exposed patients were included in the Stenting and Angioplasty With Protection in Patients at High
Risk for Endarterectomy (SAPPHIRE) trial and the
North American Symptomatic Carotid Endarterectomy
(NASCET) trial, but the subgroup was not large enough
to be separately analyzed [1, 3]. There have been a number of institutional case series examining outcomes of
CEA after XRT and these have reported up to 23% use of
interposition grafting and relatively high rates of cranial
nerve injury (21%) [9–11].
Despite the advantage of CAS in avoiding surgical
dissection in a hostile neck, there have been a number
of retrospective studies which raised questions about
the durability of CAS in XRT patients. An initial study
by Protack et al. examined 23 patients undergoing CAS
after XRT compared to patients undergoing CAS for
atherosclerotic disease [12]. After follow-up, the XRT
group had a 43% restenosis rate versus 13% for the
atherosclerotic occlusive disease group. The authors diagnosed restenosis using duplex ultrasound and defined
restenosis as any lesion greater than 50%. Three of
the XRT patients required re-intervention for critical
lesions, though all patients remained asymptomatic.
Favre et al. report an institutional review of 135 patients
who underwent 140 CAS procedures for XRT-induced

stenosis. Early results were favorable, demonstrating a
stroke/death rate of 1.5% at one month and technical
success rate of 98% [13]. However, at 30 month follow-up
they reported a substantial 18% anatomic failure. These
high restenosis rates reported by Favre and Protack are
not described by all authors, and neither report defined
the anatomic location of the restenosis, which may lead
to de novo lesions being counted as treatment failures
[11–14]. Furthermore, the duplex ultrasound criteria
authors are using to define restenosis may be inaccurate.
The peak systolic velocity cut-offs, which were developed
for judging stenosis in native arteries may not be applicable to stented arteries, which lose compliance, and can
falsely elevate velocity [15]. The results of these reviews
and several others are summarized in Table 3.1.
In a retrospective review performed at our institution,
Sadek et al. suggest that CAS after XRT can achieve
durable results, and that some restenosis may occur at de
novo sites. Sadek et al. reviewed 28 patients who had CAS
for radiation arteritis. In contrast to previous studies,
Sadek et al. reported the location of restenotic lesions
based on diagnostic angiograms from re-intervention
procedures [14]. They reported a binary restenosis rate
of 4.5% in the XRT group compared with 9.7 in the
atherosclerotic group. Of note, none of the XRT patients
developed restenosis in the target lesion. The patients
who developed restenotic lesions, developed them at sites
remote from the original intervention. These findings
were repeated in an updated manuscript from our group
which included 43 XRT patients with a restenosis rate
of 9.4% in XRT patients and 8.6% in non-XRT patients
without significant difference [15]. Seven percent of
the XRT patients required re-intervention. Of these
re-interventions, none demonstrated restenosis of the
original target lesion. These findings suggest that XRT
patients are prone to stenosis throughout the previously
radiated field.
In-stent restenosis, which is usually due to neo-intimal
hyperplasia in patients treated for atherosclerotic disease,
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may also be responsible for restenosis in XRT patients
after CAS. The pathophysiology of these restenotic
lesions has not been adequately studied in radiation
arteritis patients, and there may be significant pathophysiologic differences [17]. The actual rate of restenosis
after CAS in XRT patients can only be estimated from
small retrospective studies, but there is adequate data to
suggest that CAS is durable enough to be considered as a
reasonable alternative to CEA in XRT patients given the
advantage of avoiding surgery in the irradiated field.

CAS in Restenosis
The rate of carotid artery restenosis after revascularization
varies widely depending on the source, ranging anywhere
from 1% to 31% [18]. Depending on the timing of presentation, carotid artery restenosis is thought to have
two main pathologic mechanisms. Restenosis presenting
greater than 24 months after CEA is usually thought to be
due to de novo atherosclerotic lesions [19]. These lesions
tend to have irregular plaques similar to de novo lesions
and are thought to carry a similar embolic risk. Early
carotid restenosis, presenting within 24 months of initial
intervention, is usually due to neointimal hyperplasia
[20]. Previous studies have clearly demonstrated a benefit
to statin therapy and reduction of late carotid restenosis,
however this relationship does seem not apply to early
restenosis post CEA, suggesting a different mechanism
[21]. Neointimal hyperplasia is a result of vessel trauma
which occurs in both CEA and CAS. This damage to
the media and intima leads to hyperplasia by initiating
platelet adhesion, fibrin deposition, and mesenchymal
cell migration, leading to smooth muscle and intimal
proliferation. This proliferation effectively narrows the
vessel lumen. Carotid restenosis has been described both
proximal to the original lesion and at previous operative
clamp sites.
Diagnosis of carotid restenosis is usually based on
increased velocities on follow-up ultrasound, however
a consensus of velocity criteria has not been well established. Indications on when and how to re-intervene
remain unsettled. While few would argue against
re-intervening on symptomatic lesions, it is less clear
when to address asymptomatic carotid restenosis. Furthermore, debate exists on the safest, most durable
method of re-intervention.
Several meta-analyses have been performed to try to
determine the best intervention method for restenosis
after CEA [22–24]. Tu et al. looked at 4399 patients who
had either CAS or CEA for carotid restenosis following
previous CEA [22]. There was no statistically significant difference found between the two groups in 30 day
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perioperative mortality, stroke or transient ischemic
attacks (TIAs). Of note, the study found a higher rate
of cranial nerve injury in patients with repeat CEA
compared to patients who had CAS (5.9% vs. 0.1%).
This finding has been replicated in many other studies
reporting high incidence of cranial nerve injury in redo
CEA for carotid restenosis [23]. The authors also noted a
higher rate of perioperative myocardial infarction (MI)
in the CEA group compared to the CAS group (1.3% vs.
0.3%). The CAS group was found to have a higher rate
of restenosis after 30 days, though as mentioned before,
duplex ultrasound may lead to over-diagnosis of stenosis
in some patients; the velocity definition of restenosis is
not well validated.
Another recent meta-analysis by Fokkema et al.
included 13 studies with 1132 patients who had either
CAS or CEA for carotid restenosis. Of the patients having
CEA for restenosis, 40% were symptomatic, and of the
patients having CAS, 30% of patients were symptomatic
[23]. Few other studies have reported results with large
numbers of symptomatic patients. Like Tu et al. the
authors found no difference between CEA and CAS in
perioperative mortality and stroke rate; this finding was
true in both the symptomatic and asymptomatic groups
[22, 23]. However, the authors also noted high cranial
nerve injury rates (5.5%) with redo CEA for ipsilateral
restenosis. The study also reported CAS-related complications, with 1.9% of patients experiencing access
site complications and 1.4% experiencing intraoperative
bradycardia or arrhythmia.
There is a clear increased risk of cranial nerve injury
in reoperative CEA, however the literature has also been
consistent that there is little difference between reoperative CEA and CAS in terms of perioperative stroke
risk and mortality. Compared to CEA, there may be
higher rates of tertiary carotid stenosis in patients who
underwent CAS, however this finding is confounded
with the usual limitations in diagnosing restenosis on
duplex ultrasound. With advancement in endovascular
technology, several strategies have been attempted to
address in-stent restenosis after CAS. Some authors have
attempted the experimental utilization of drug-coated
balloons to help reduce the rate and severity of tertiary
stenosis after CAS. One study reported nine patients who
had paclitaxel-eluting balloon angioplasty during CAS
for restenosis [25]. At 36 month follow-up, the authors
found only three patients had restenosis. Although this
study has a small sample size and randomized trials are
needed to evaluate the efficacy for drug-coated balloons
in the carotid vascular bed, these results suggest a future
direction for research. Given the current published rates
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of cranial nerve injury for reoperative carotid surgery,
and the acceptable outcomes of carotid stenting for
secondary lesions, our group favors CAS for restenostic
lesions.

Data for CAS in High-Risk Cardiac
Patients
Much of the morbidity and mortality associated with CEA
is secondary to the risk of cardiac events in the perioperative period. Given that CAS can be performed under
minimal anesthesia and with little blood loss, it has been
investigated as an alternative in patients with significant
cardiac disease.
One of the first trials to look at high-risk cardiac
patients was the SAPPHIRE trial [1]. The trial included
patients with clinically significant cardiac disease and
randomized patients to either CAS or CEA. Clinically
significant cardiac disease was defined as patients with
congestive heart failure (CHF), patients with an abnormal stress test, and patients with a need for open-heart
surgery. The primary endpoint in the trial was a combined outcome measure which included death and MI.
The results show the CAS group had significantly fewer
cardiac complications than the CEA group (2.3% vs.
7.3%) in the initial 30 day period. At one year follow-up
the CAS group also had significantly lower rates of MI
than the CEA group (2.5% vs. 8.1%). Overall, adverse
events (death, stroke, and MI) for high-risk patients were
higher in the CEA group compared to the CAS group
during both the perioperative period (first 30 days) and
within one year of follow-up [1]. The SAPPHIRE trial has
been criticized for a number of reasons, including the
high periprocedural complication rate in the CEA group
and the use of cardiac enzyme only MIs in the combined
outcome. That said, the suggestion that CEA patients
have a higher risk of periprocedural MI was confirmed
in the Stenting versus Endarterectomy for Treatment
of Carotid-Artery Stenosis (CREST) trial, which also
showed a higher rate of MI in patients randomized to
CEA [4].
Recently the Vascular Group of New England (VSGNE)
used a large regional database to retrospectively identify
patients at high risk of complications from CEA [26]. The
authors aimed to validate the relevancy of the high-risk
factors used in the SAPPHIRE trial. Clinically significant
cardiac disease was defined as an abnormal stress test,
coronary artery disease, stable angina, CHF, unstable
angina, MI within six months of surgery, and history
of coronary artery bypass grafting (CABG). After performing univariate analysis, few of the risk factors were

found to correlate with adverse cardiac outcome post
CEA. The cumulative incidence of MI was 2.6% in the
VSGNE study compared to 8.1% in the SAPPHIRE trial.
When independently analyzing risk factors, the VSGNE
trial only found significant correlations between a history of CHF or chronic obstructive pulmonary disease
(COPD) with post-operative complications following
CEA. The authors also noted a relationship between
DM and adverse cardiac events after CEA, which had
not previously been included as a major risk factor in
SAPPHIRE.
Defining who is a high-risk patient for adverse cardiac
events after endarterectomy continues to be investigated. Studies have identified a myriad of risk factors for
perioperative cardiac events, including CHF, coronary
artery disease (CAD), COPD, and end-stage renal disease
(ESRD). The tipping point at which CAS becomes advantageous over CEA with regards to cardiac complications
is unclear and at this point remains a subjective decision
on the part of the proceduralist [27]. The CREST-2
trial, which involves parallel randomization arms, where
asymptomatic patients will be randomized to either
intensive medical therapy or CEA, or medical therapy or
CAS, may diminish some of the uncertainty in procedural
selection [28].

Extracranial Carotid Artery
Stenting Technique
A well-documented neurologic exam is important in
establishing a patient’s baseline neurologic status prior
to attempting any carotid intervention [29]. A thorough history of any cerebrovascular symptoms should
be taken in order to document any previous transient
deficits. Patients should be started on aspirin as well as
clopidogrel at least five days prior to CAS. Clopidogrel
is continued on the day of procedure and for at least
three months post stent implantation. In the absence of
contraindication, patients should additionally be started
on statin therapy. While not absolutely necessary, preprocedural axial imaging from the patient’s aortic arch to
cerebral circulation is useful for establishing the presence
of any aberrant anatomy, and evaluating difficult arch
angles or calcific aortic arch lesions.

Access and Diagnostic Angiogram
A selective diagnostic angiogram, as well as establishing
secure access to the common carotid artery, is the essential first step of CAS. CAS is typically performed under
local anesthesia with little or no procedural sedation.
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This allows for accurate neurologic assessment during the
procedure, and for patients to cooperate with instructions
during the case. An arterial line is typically placed prior to
puncture to allow for accurate hemodynamic monitoring
during and after the case, which is particularly important
during carotid angioplasty, when some patients can
develop symptomatic bradycardia and hypotension.
Cases are typically initiated with retrograde puncture
of the common femoral artery. Our practice is to routinely use ultrasound guidance for puncture, a 21 gauge
micropuncture access set followed by a 5 Fr Teromo vascular sheath. The patient is bolused with heparin to keep
an activated clotting time of 250–350 seconds throughout
the procedure. An angled 5 Fr glide catheter is then used
in conjunction with an 0.035 in. stiff glide wire in order
to position the wire in the proximal aorta near the aortic
valve. The glide catheter is then exchanged for a 90 cm
pigtail catheter and a diagnostic aortogram is performed
using an approximate 45∘ left anterior oblique projection
in order to identify the origin of the arch vessels.
Cannulation of the common carotid artery is usually
first attempted using a combination of a stiff angled glide
wire and a 90 cm glide catheter. In patients with a steep
origin of the common carotid artery (CCA), a reverse
curve catheter such as a Vtek or Simmons-1 (Cook Medical Inc., Bloomington, Ind) may need to be used. These
catheters are carefully formed in the proximal aortic arch
prior to cannulation. Manipulation of recurve catheters
is thought to be a potential source of procedural emboli.
After cannulation, the position of the guide wire must
be carefully watched to prevent inadvertent crossing or
manipulation of the internal carotid lesion.
After cannulation of the CCA is achieved, selective
angiograms should be performed in several projections
in order to best delineate the position of the external
and internal carotid artery (ICA), in addition to the
extent of the ICA lesion. Additional views of the cerebral
circulation should be performed in a Towne view and
lateral in order to document the preprocedural cerebral
vasculature.
Once the decision to treat is made, a stiff angled glide
wire is advanced deep into the ECA in order to achieve
adequate stability for tracking a sheath into the proximal
CCA. A 90 cm 6 Fr Cook (Cook Medical Inc., Bloomington, Ind) Shuttle sheath is then advanced into the
proximal CCA. Deep inspiration and expiration as well
as manipulation of the angle of the neck can be attempted
in order to make tracking of the sheath easier. In highly
tortuous common carotid, sometimes replacement of the
glide wire with a stiff Amplatz wire with a short floppy
tip can be advantageous.
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Trans-Cervical Access
In cases where sheath access to the common carotid
is difficult or inadvisable, trans-cervical access can be
performed. This approach has been described in patients
with highly disadvantageous CCA aortic arch angles
as well as patients with previous arch reconstructions,
which make the traditional approach impossible. In the
trans-cervical approach, a 2–4 cm transverse incision is
made over the medial border of the sternocleidomastoid
(SCM) muscle. The approach is deepened through the
platysma and the SCM muscle is retracted laterally.
After mobilizing the jugular vein the common carotid
is encircled with vessel loops, taking care not to incorporate the vagus nerve. The common carotid is then
percutaneously accessed with a 19 gauge needle and a
6 Fr introducer sheath, typically with a radio-opaque tip,
is advanced into the carotid. At this point, the rest of the
procedure proceeds in the usual fashion, with embolic
protection device (EPD) placement, pre-dilatation, stent
deployment, and post dilatation. Additional care has to
be taken to manage the redundant length of catheters and
wires used for device delivery. At the conclusion of the
procedure, the arteriotomy is repaired using interrupted
6–0 prolene sutures.
Embolic Protection
In order to safely perform CAS, use of an EPD is necessary. The two most commonly used methods are a distal microporous filter, and proximal occlusion with flow
reversal (Figures 3.1 and 3.2). Use of a distal microporous
filter generally involves crossing the lesion with a constrained filter, and deploying the filter in a suitable area
of the ICA distal to the lesion. This portion of the ICA
needs to have an adequate distance to the lesion to allow
positioning of the treatment devices without interfering
with deployment of the stent and balloons. The filter is
then recaptured after the stent is deployed. The ICA ideally should be relatively free of tortuosity to facilitate filter
recapture and wall opposition.
Alternatively, a proximal flow reversal device can be
used as an EPD. Flow reversal devices work by preventing antegrade ICA blood flow with occlusion balloons
placed in the CCA as well as the external carotid artery
(ECA). These balloons are deployed before crossing and
treating ICA lesions, and particulate matter is aspirated
prior to deflation. Proximal occlusion devices allow
operators to avoid challenging distal ICA anatomy, as
well as lesions that are difficult to track a filter through.
A draw-back of proximal EPDs tends to be the larger
sheath sizes required. The MoMA device (Medtronic,
Inc., Minneapolis, MN) requires an 8 Fr access sheath.
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(a)

(b)

(c)

Figure 3.1 Carotid artery stenting performed with distal micro-

porous filter. (a) Angiogram revealing high-grade internal carotid
artery stenosis. A microporous filter has been placed in a distal segment of internal carotid artery. (b) A tapered self-expanding stent has
been placed across the lesion. (c) Completion angiogram.

(a)

(b)

Lesion Treatment
Lesion treatment in CAS generally involves pre-dilatation,
stent selection, and deployment, post dilatation, and EPD
removal. Before initiating EPD placement and lesion
treatment, it is critical to have planned the steps of the
procedure and have access to all necessary materials. It
is our practice to generally prep and open all devices
exempting the stent itself prior to lesion crossing. Positioning a radiopaque ruler is helpful in selecting devices
of the proper length prior to treatment.
Pre-dilatation allows stent delivery systems to be
advanced without being constrained or restricted by tight
lesions, and allows for adequate stent expansion. We use a
4 mm rapid exchange balloon of sufficient length to treat
the lesion. Prior to inflation of the balloon, warning is
given to the anesthesia provider that carotid angioplasty
is taking place. This allows for early recognition and treatment of any bradycardia that may occur. Pretreatment of
patients with 0.4 mg of glycopyrrolate is recommended
to limit the cardiac morbidity associated with the vagal
response to carotid bulb stretching during angioplasty.
As most carotid lesions occur at the carotid bifurcation,
we generally use tapered self-expanding nitinol stents,
which allow proper size match with the common and
ICA. We most commonly use 7–10 mm or 8–10 mm
diameter tapered stents, 30 mm in length. Post dilatation
is performed using a short (5 or 6 mm) diameter balloon. Aggressive post-dilatation of a carotid lesion may

(c)

(d)

Figure 3.2 Carotid artery stenting performed with flow reversal. (a) Angiogram revealing critical stenosis of internal carotid artery. (b) Occlusion balloons positioned in common and external carotid arteries. (c) Complete stasis of internal carotid artery with balloons inflated. Stent
has been deployed. (d) Completion angiogram after post ballooning.
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generate additional embolic debris or risk of initiating a
dissection. A mild residual stenosis of the lesion <20% is
typically tolerated and not dilated further.
EPD removal is performed after a completion
angiogram is performed. Care should be taken in
cases where there is so much debris in a microporous
filter that there is cessation or profound slowing of distal
flow. In these cases the standing column of blood should
generally be aspirated prior to removal of the filter. Frequently, when the filters are completely filled they may
only be partially recapturable. Reversal of flow devices
should always be aspirated prior to allowing resumption
of antegrade flow. Rarely vasospasm is recognized after
removal of an EPD, which can generally be treated with
100 μg aliquots of nitroglycerine.
Procedure Completion
Brief neurologic examinations should occur throughout the procedure, especially after lesion manipulation
and stent placement. After EPD removal, the carotid
should be imaged in multiple projections and the cerebral angiogram should be repeated. This allows for
early recognition of any embolic events, and in the rare
case where a clinically significant event occurs, catheter
directed neuro-rescue can be initiated.

Introduction to Innominate
Interventions with Indications
Isolated innominate artery disease is a rare form of
vascular pathology. Hemodynamically significant disease
represents only 0.5–2% of all vascular lesions [30, 31].
While atherosclerosis remains the most common cause
of supra-aortic lesions, other etiologies include arteritis,
fibromuscular dysplasia, or radiation arteritis. Unlike
other atherosclerotic pathology, there is an equal incidence of clinically significant innominate artery stenosis
in men and women, with the majority of patients
presenting in the fifth or sixth decade of life.
Patients with innominate artery stenosis have a range
of clinical presentations, and many patients remain
completely asymptomatic, with their lesions diagnosed
incidentally. Common presenting symptoms of innominate artery lesions are upper extremity claudication,
hand or finger pain, and paresthesias. In 18–47% of cases
innominate lesions can present with vertebral-subclavian
steal syndrome [30]; patients often complain of vertigo,
syncope, ataxia, diplopia, and motor deficits. These
symptoms are caused by reversal of flow in the vertebral
artery due to a proximal flow-limiting lesion. As a patient
engages in vigorous use of the affected extremity, flow
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in the ipsilateral vertebral artery is reversed, leading to
steal symptoms in the posterior circulation. Innominate
lesions can also be sources of emboli to the carotid or
vertebral artery. There have also been reports of complete
innominate occlusion leading to reversal of flow in the
carotid, which can manifest as TIA. Rare instances have
been reported with coronary-subclavian steal syndrome
in patients who have undergone CABG with right internal mammary grafts (RIMA); serious consequences
include coronary angina or myocardial infarction due to
coronary steal. The most common presenting symptoms
of innominate artery stenosis are TIA, upper extremity
claudication, and vertebrobasilar insufficiency [31, 32].
Innominate artery intervention is warranted when
patients present with symptomatic lesions. Compared
to subclavian artery stenosis, innominate artery stenosis
is more commonly symptomatic, possibly due to the
presence of an additional branch vessel. The sole absolute
indication for treating asymptomatic innominate artery
disease is when patients are at risk of coronary-subclavian
steal and subsequent myocardial infarction due to prior
RIMA grafting [32]. Prior to the introduction of endovascular surgery, open bypass was the treatment of choice for
innominate artery stenosis. The first aorto-innominate
bypass was performed by Dr. Debakey in 1957 with
reported patency rates of >80% at 5 and 10 years, indicating that open surgery is a durable and feasible option
for treatment. Open surgical revascularization requires
a median sternotomy and carries a high morbidity and
mortality for treatment of innominate artery stenosis.
Mortality rates up to 10% and complication rates up
to 25% have been reported for open surgical repair
[31, 33].
Endovascular intervention has now been established
as first-line therapy for patients with innominate artery
stenosis. Patients who have endovascular intervention for
innominate artery disease have lower complication and
mortality rates and shorter hospital stay [34]. Innominate
lesions are frequently focal, making them particularly
favorable for endovascular treatment. Pre-procedural
workup for endovascular treatment is similar to open
surgical planning and should include non-invasive vascular labs with segmental pressure and Doppler waveforms.
Axial imaging aids in endovascular planning as it provides anatomic detail about the patient’s arch, the location
of the lesion, and can help plan the access route.
There are few large studies which look specifically at
innominate artery lesions as most reviews include all
supra-aortic lesions. A technical success rate of 83–96% is
reported with endovascular intervention [29, 34, 35]. Primary patency rates as high as 95% at two years have been
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cited, with a secondary patency rate of >98%. Long-term
outcomes beyond two years have been reported with
primary patency of 70% and secondary patency of 80%
[33, 34]. Long-term patency of endovascular repair is
still reported as lower than open surgical repair. An analysis from Paukovits et al. on innominate endovascular
interventions reports a minor complication rate of 6%
and major complication rate of 1–2%, including neurovascular complication [29]. These results demonstrate
promising use of endovascular technique, including balloon angioplasty and stenting of the innominate artery
for stenosis.
Compared to open surgical repair, endovascular interventions have a lower long-term patency rate, but given
the safety profile of the procedure and the acceptable secondary patency rates, endovascular intervention remains
the first-line therapy for innominate artery stenosis.

8 Fr guide catheter, which is tracked into the proximal
innominate.
Lesions are usually crossed using a hydrophilic guide
wire or with a microembolic protection filter wire. Given
the significant embolic potential of innominate lesions, it
is our practice to routinely place embolic protection filters
in the ICA prior to performing balloon angioplasty. The
vertebral artery is typically left unprotected given the risk
of causing inadvertent damage by attempting to place a
protection device.
Pre-dilatation is usually performed with a 2 mm
angioplasty balloon prior to stent placement. Given the
suboptimal results of angioplasty alone, our practice is to
primarily stent innominate lesions with bare-metal
self-expanding stents. Typical stent diameters are
8–12 mm and variable in length. After deployment,
post dilatation with a balloon at least 8 mm in diameter is
recommended to allow adequate stent expansion. Finally,

Innominate Intervention
Innominate interventions have been described being
performed from brachial, femoral or common carotid cut
down. Many of the concerns during CAS are the same
for patients undergoing innominate stenting, although
patients are at risk of embolization to the carotid as well
as vertebral artery.

Retrograde
Cases are begun with retrograde puncture of the common femoral artery, followed by placement of a 5 Fr vascular sheath. The patient is bolused with heparin to keep
an activated clotting time of 250–350 seconds throughout
the procedure.
An angled 5 Fr glide catheter is then used in conjunction with an 0.035 in. stiff glide wire in order to
position the wire in the proximal aorta near the aortic
valve. The glide catheter is then exchanged for a 90 cm
pigtail catheter and a diagnostic aortogram is performed
in several projections. Usually a left anterior oblique
projection is well suited for visualizing the origin of the
innominate, but the take offs of the vertebral artery and
the subclavian artery may require an opposite oblique.
Depending on the location of the lesion, it may be
difficult to place a vascular sheath in the origin of
the innominate, particularly if the lesion is ostial. In
these cases a brachial or retrograde approach is usually
preferred. If adequate purchase on the ostium of the
innominate is attainable, the short diagnostic sheath is
exchanged for a long 90 cm 6 Fr sheath, or an angled

Figure 3.3 Cerebral protection during brachial innominate artery

stent. A distal embolic protection filter is placed in the common
carotid prior to ballooning the proximal innominate lesion.
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filter recapture is performed and the access sites are closed
following completion angiograms. Cerebral angiograms
should be performed to identify any potential embolic
events.

and treat the innominate lesion. The subsequent steps of
the procedure proceed in the manner described above in
the retrograde section. Brachial artery arteriotomies are
usually closed using interrupted prolene sutures.

Brachial Approach

Carotid Approach

Brachial artery approaches are typically performed
via cut-down to avoid any complications arising from
brachial sheath hematomas. A 4–6 cm incision is made in
the biceps groove, just proximal to the antecubital fossa,
and the brachial artery is controlled with care taken to
avoid injuring the median nerve. A 6 Fr 45 cm vascular
sheath is then advanced into the subclavian artery to provide support and access for the subsequent interventions.
If the origin of the innominate is not well visualized from
a brachial approach, it may be helpful to obtain groin
access and position a flush catheter in the proximal aorta
in order to visualize the origin of the vessel.
Given the embolic potential of innominate lesions, we
still recommend using an EPD when treating an innominate lesion from a brachial approach. Using an angled
guiding catheter and glide wire, access can be obtained
to the common carotid artery. A microparticulate filter is
then advanced over a “buddy wire” into the carotid prior
to intervening on the innominate artery (Figure 3.3). A
second wire is then directed proximally and used to cross

(a)

In the trans-cervical approach, which can be used for
common carotid or innominate interventions, a 2–4 cm
transverse incision is made over the medial border of
the SCM muscle (Figures 3.4 and 3.5). The approach is
deepened through the platysma and the SCM muscle is
retracted laterally. After mobilizing the jugular vein the
common carotid is encircled with vessel loops, taking care
not to incorporate the vagus nerve. The common carotid
is then percutaneously accessed and a 6 Fr introducer
sheath, with a radio-opaque tip, is advanced into the
carotid in a retrograde fashion. Diagnostic angiograms
are then performed; if the origin of the innominate is
difficult to visualize access from the groin may be helpful. Prior to intervening, the distal common carotid is
clamped in order to prevent any embolic material from
passing the access point. The innominate is then treated
in the standard way described above. After interventions
are complete, and before unclamping occurs, the carotid
is aspirated and flushed in order to remove any embolic
material.

(b)

(c)

Figure 3.4 Retrograde innominate lesion stenting. (a) Angiogram revealing high-grade inominanate lesions. (b) Positioning of a stent
retrograde through common carotid. (c) Completion angiogram.

34

Endovascular Interventions

(a)

(b)

(c)

Figure 3.5 Retrograde common carotid artery stenting. (a) Angiogram revealing critical lesion of the left common carotid as well as disease

of the right innominate. (b) Balloon expandable stent positioned at the common carotid lesion. (c) Completion angiogram after retrograde
carotid stenting.

Review Questions (see end of
Chapter for Answers)
a. What patient risk factors favor CAS over CEA?
b. In what situation do you treat an asymptomatic
innominate lesion?
c. Describe the endovascular technique of CAS.
d. Describe the different approaches to treating
innominate lesions.
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Answers to Review Questions
a. Patients with hostile necks from radiation exposure or previous surgery. Patients with high cardiac risk factors particularly CHF.
b. There are no established criteria for treating
asymptomatic innominate lesions exempting in
anticipation for CABG surgery.
c. Refer to the CAS technique section.
d. Retrograde from femoral. Antegrade from
brachial or carotid cut-down.
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Summary
Subclavian artery stenosis is a disease entity that is
often under-diagnosed and overlooked, however if
left untreated can present with grave neurologic, cerebrovascular, cardiac, and upper extremity complications.
Diagnosis begins with a thorough history and physical
exam, including bilateral arm blood pressures. Once suspected, non-invasive imaging is conducted followed by
catheter-based angiography. Endovascular intervention
offers minimally invasive treatment with high success
rates and infrequent complications.

Introduction
The etiology of subclavian artery stenosis (SS) may be
multifold, however it is typically due to atherosclerotic
disease or plaque and is initially suspected when an
inter-arm brachial systolic blood pressure (SBP) difference of ≥15 mmHg is present during examination
[1]. On the right side, the subclavian arteries typically
originate from the brachiocephalic artery, while on the
left, they directly arise from the aortic arch, as the third
great vessel [2]. Although clinically significant SS has an
estimated prevalence of ∼2% in the general population,
certain specific populations with comorbidities such as
hypertension (HTN) (4.3%), smoking (4.3%), diabetes
(6.8%), cerebrovascular disease (7.6%), and peripheral
artery disease (PAD) (11.5%) have been reported to have
higher rates [1, 3].
Additionally, those presenting with subclavian occlusions are also at higher risks for coronary artery disease
(50%), lower extremity artery involvement (29%), and

carotid artery disease (29%) [4–6]. The presence of SS
is significantly associated with increased total and cardiovascular disease mortality (Figures 4.1 and 4.2) [7]. It
should also be mentioned that since the subclavian artery
branches off of the innominate artery on the right side,
up to a third of occlusions may actually be proximal to
the subclavian artery within the innominate artery [1, 8].
Generally, the left subclavian artery is about four times
more likely to be affected than the right, but due to the
greater potential of collateralization, symptoms may be
absent or reduced [4, 5].
Other causes of SS should always be considered
and include arteritis, radiation-induced inflammation,
compression syndromes, fibromuscular dysplasia, and
neurofibromatosis [4].

Diagnosis and Screening
General screening for SS typically begins with a thorough
physical exam involving bilateral arm pressures. Some
literature supports high specificity for an inter-arm pressure difference of ≥10 mmHg in surgical coronary disease
candidates, however a pressure difference of ≥15 mmHg
has a specificity as high as 90% for the detection of SS
and a sensitivity of about 50%, which is likely due to
stenosis not significant enough to cause a SBP difference
or due to the presence of bilateral stenosis [1, 3]. Auscultation of the supraclavicular fossa for a bruit suggests
the presence of SS, compared to a continuous murmur,
which is associated with an arteriovenous (AV) fistula
[9]. Patients may symptomatically also present with
upper extremity claudication, rest pain, finger necrosis
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Figure 4.1 Survival according to presence of any cardiovascular disease (CVD) and presence of SS. Any CVD represents clinical CVD and/or

an ankle-brachial index (ABI) <0.90. SS, subclavian stenosis. Source: Reproduced with permission from Aboyans et al. [7].

1
.8
Survival

no SS
.6
moderate SS
.4
severe SS
.2
p < 0.001
0
0

1

2

3

4
Years

5

6

7

8

Figure 4.2 Survival according to SS severity. Source: Reproduced with permission from Aboyans et al. [7].

from embolization, cerebrovascular ischemia leading to
visual changes, syncope, vertigo, dysphagia, dysarthria,
facial sensory deficits, ataxia, and presence of cervical
or supraclavicular bruits (Table 4.1) [4, 10]. Those with
prior coronary artery bypass grafts (CABG) involving the
internal mammary (IMA) may present with symptoms
of subclavian steal or angina pectoris [4]. The Dieter test
may also be utilized on the affected limb by inflating a
blood pressure cuff, then rapidly deflating it to induce
hyperemia, increase vertebral flow reversal, and cause
posterior circulation symptoms (provoking subclavian
steal syndrome) [11].
Diagnostic imaging is typically the next step in confirmation of disease and can provide further helpful
information. In most cases, initial imaging investigation
begins with a Doppler ultrasonography with color flow,

where significant occlusion is diagnosed by the presence
of waveform dampening, monophasic changes, turbulent
flow (color aliasing), and elevated flow velocities [4, 12].
If Doppler findings are inconclusive, other imaging
modalities that may be used are computed tomography
angiography (CTA) and magnetic resonance angiography
(MRA) and these provide greater anatomic resolution
and visualization of the vessels and surrounding structures. Catheter-based angiography is the gold standard
and provides invasive hemodynamic data and a definitive
diagnosis [4]. Those about to undergo CABG with the
use of the IMA should undergo angiography, especially
with the presence of a significant inter-arm pressure
difference, history of radiation therapy to the chest, vasculitis, PAD, and evidence of aortic or iliofemoral disease
discovered during coronary angiography [3, 4, 13].
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Table 4.1 Signs and symptoms of subclavian stenosis.
Cerebrovascular
[4, 14, 15, 31]

Subclavian steal syndrome
Visual changes
Vertigo, dizziness
Syncope
Nystagmus
Tinnitus, hearing loss
Dysphagia
Dysarthria
Facial sensory deﬁcits
Ataxia
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Circle of Willis

Basilar Artery

Internal Carotid
Artery
Vertebral
Artery
Stenotic Plaque
Internal Mammary
Artery Graft

Cervical/supraclavicular bruits
Cardiac [4, 14]

Angina pectoris
Coronary-subclavian steal syndrome
(chest pain, dyspnea, diaphoresis)

Upper extremity

Weakness

[4, 31]

Muscle fatigue
Numbness, tingling, pain
Muscle atrophy
Inter-arm blood pressure
difference
Diminished or absent pulses
Finger necrosis from embolization
Gangrene
Non-healing ulcers
Splinter hemorrhages of the
nail beds

Treatment
Indications
The presence of symptoms related to arm ischemia and
SS (Table 4.1) should prompt revascularization. Subclavian steal occurs with flow reversal in a branch of
the subclavian artery (IMA, vertebral artery, or axillary
artery) resulting from a hemodynamically significant
ipsilateral lesion (Figure 4.3) [14, 15]. A stenosis of >50%
will produce intermittent or continuous flow reversal
in the vertebral artery in more than 90% of patients
[14, 16]. Once the vertebrobasilar circulation fails to
accommodate increased flow demand, such as with
exercise or AV fistula, patients may develop symptoms
[14]. Coronary-subclavian steal syndrome occurs in
patients following CABG once SS develops proximal
to the IMA graft by “stealing” coronary blood flow to
another vascular bed and causing angina or infarction
[14, 17]. Asymptomatic SS does not typically warrant
revascularization, unless prior to planned CABG with an
IMA conduit or AV fistula creation for dialysis patients
(Figure 4.4) [4, 14].

Figure 4.3 Circulation involved in subclavian steal phenomena and
the flow adaptation in response to a proximal subclavian stenosis.
Source: Reproduced with permission from Potter and Pinto [14].

Surgery
Surgical correction of SS falls mainly under supra-aortic
trunk stenoses surgery and encompasses the innominate, subclavian, and common carotid arteries [4].
Axillary–axillary bypass, carotid–subclavian bypass, and
transposition of the subclavian artery are all potential
mechanisms of correction and have demonstrated good
long-term patency rates (88% at 10 years, 83% at 10 years,
and 98% at 60 months, respectively) [4, 18–21]. The
technical aspects of these surgeries will not be further
discussed in this text.
Endovascular Approach
Transfemoral approach is generally preferred and initiated using the Seldinger technique, however brachial
and combined femoral-brachial access may also be
used [22, 23]. Once access is achieved, a short or long
introduction sheath is placed and a non-selective aortic arch angiogram in the left anterior oblique (LAO)
position is performed using a soft multi-hole catheter
(pigtail catheter, etc.), which minimizes the risk of aortic
dissection during contrast injection. Contrast material
(30–40 ml) may be delivered using auto-injection at a
rate of 15–20 ml s−1 over 2–3 s (0.3–0.5 s rate of rise and
900 psi) [2, 9, 24, 25]. Hand injection (5–10 ml) may
be used for selective angiography with a Judkins Right
4 (JR4), multipurpose (MPA), or Berenstein catheter
[25]. Catheter selection is mainly guided by aortic arch
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(a)

(b)

(c)

Figure 4.4 A 59-year-old woman with cardiogenic shock after bypass. Subclavian stenosis stented proximal to LIMA graft. (a) Subclavian
artery angiography. (b) Balloon angioplasty of proximal subclavian artery. (c) Post-angioplasty subclavian artery angiography.

anatomy. For example, for a type I aortic arch, the use
of a JR4 catheter is appropriate [25]. For a type 2 arch, a
Vitek (VTK) or Headhunter-1 (H-1) catheter is recommended, whereas a Simmons 1 or 2 (SIMS) is typically
used for a type 3 arch [2, 9, 25]. In most cases, the use
of two orthogonal oblique views is sufficient for proper
visualization. The use of digital subtraction angiography
(DSA) provides enhanced delineation of the vasculature.
The brachiocephalic bifurcation, right subclavian artery
origin, proximal left vertebral artery, and left IMA origin
are best viewed in the right anterior oblique (RAO) views
[25]. The right vertebral artery and right IMA are best
seen in the LAO view [2, 25].
Once a guide is placed proximal to the lesion, the lesion
is carefully crossed with a guide wire and percutaneous
transluminal angioplasty (PTAS) is performed. The main
issue with lone PTAS is the need for re-intervention
following restenosis, which has been reported to be as
high as 21% at three years [4, 26]. Additionally, using an
undersized balloon (∼70% of the vessel diameter) will
help reduce the risk of dissection during pre-dilation
[25]. Technical success in stenting is extremely high
(98%) (Figure 4.5) [22]. In the largest case series to date
with 170 patients, 177 stents were placed (94% subclavian
and 6% innominate arteries) without any procedural
deaths and very low major complication rates (0.6%)
[22]. Primary and secondary patency rates at five years

were reported at 83% and 98%, respectively. A large
meta-analysis of 35 non-comparative studies involving
1726 patients compared PTAS and stent placement for SS
and confirmed significantly higher technical success rates
in the stent group compared to the PTAS group (92.8%
vs. 86.8%, p = 0.007) [27]. Interestingly, both long-term
primary patency rates and symptom resolution rates
were not significantly different between the two groups.
Although very uncommon, in-stent thrombosis and
restenosis occurrence may be technically challenging,
but amenable to redilation. Both antegrade (via radial
or brachial artery access) and retrograde (via femoral
artery access) approaches may be helpful in guide wire
advancement across the occlusion. Once this is accomplished, balloon angioplasty or re-stenting can be done
in the usual fashion for flow restoration (Figure 4.6).
For stenosis proximal to the vertebral artery and IMA,
balloon expandable stents are used for more accurate
placement [25]. For stenosis distal to the vertebral artery
and IMA, self-expanding stents are used and these provide more flexibility and deformability, but less placement
accuracy. Typical sizes for the subclavian artery range
from 6 to 8 mm in diameter [25]. Complications of
endovascular intervention include, but are not limited to,
access site hematomas, dissection, perforation, rupture,
distal embolization, stroke, TIA, and arterial thrombosis
[4, 5, 22, 28].
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(a)

(b)

(c)

Figure 4.5 Left-sided subclavian stenosis. (a) and (b) Arrows show initiation of stenotic region. (c) Careful crossing of the stenosis over a
guide wire followed by PTAS and successful stent deployment (artist credit: Nadia Parto).

(a)

(b)

(c)

(d)

Figure 4.6 (a) Catheter engaged in ostium left subclavian artery and previous stent with dye injection showing complete occlusion.

(b) Attempts at antegrade advancement of the guide wire through the occlusion were unsuccessful. This picture shows successful guide wire
advanced across the occlusion from a retrograde approach. (c) New stent positioned across the occlusion. (d) Complete restoration of flow to
the subclavian and LIMA after stent deployment.

Follow-Up
Although no large-scale randomized controlled data
or guidelines have been established for post-stenting
therapy in subclavian arteries, in theory patency rates
may be maximized with the use of dual anti-platelet
therapy (lifelong aspirin 81 mg daily and four weeks of

clopidogrel 75 mg daily) [4, 22, 25]. A thorough history
and physical with bilateral arm BP measurements (concern for a > 10 mmHg difference) and color flow Doppler
ultrasonography with velocity assessment should be
completed at 1, 6, and 12 months initially, then yearly
after [4, 29].
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Conclusion
The diagnosis and management of SS begins with judicious evaluation of the patient. Unfortunately, the routine
measurement of bilateral BP is often overlooked by many
practitioners, leading to missed diagnosis until symptoms present in more advanced stages of the disease.
All patients with SS should be placed on maximized
medical therapy and evaluated for CAD risk factors.
Once diagnosis is achieved clinically and confirmed with
non-diagnostic imaging, catheter-based angiography
should follow. Endovascular subclavian stenting is the
preferred treatment modality over surgical intervention, with high success rates, long-term patency, shorter
healing times, and minimal complications [22, 30].
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Normal Anatomy
The normal vertebral artery (VA) can be divided into four
segments (Figure 5.1). The V1 or extraosseous segment
arises as the first branch of the subclavian artery and
enters into the C6 transverse foramen. The V2 or foraminal segment ascends through the C6–C3 transverse
foramina, then turns sharply superolaterally through
the C2 transverse foramen and ascending through the
more laterally positioned C1 transverse foramen. The V3
or extraspinal segment extends from the top of the C1
transverse foramen to the foramen magnum, where the
vertebral artery pierces the dura and enters the subarachnoid space. The point of dural penetration is seen as a
circumferential cincture. The V4 or intradural segment
courses from foramen magnum superomedially behind
the clivus, uniting with the contralateral vertebral artery
at the pontomedullary junction to form the basilar artery.
The left foramen is often slightly larger, as the left vertebral artery is more commonly the dominant vessel. Atresia (<2 mm) of one of the two vertebral arteries is not
uncommon, occurring in approximately 15% of the population and is of little consequence [1]. In 5–10% of individuals, the distal intradural vertebral artery is hypoplastic or
absent, ending in a posterior inferior cerebellar (PICA)
terminal branch. The angiographer should therefore be
aware of this anomaly prior to injection because of the
potentially disastrous consequences of a full volume vertebral injection into the PICA [2].

Anomalies of the Vertebral Arteries
Anomalous origins of the vertebral arteries are relatively
rare, with most types having been published in only

a limited number of case reports. The only anomaly
occurring with notable frequency is the origin of the
left vertebral artery from the aortic arch (Figure 5.2),
usually between the left common carotid artery and left
subclavian artery. This anomaly is found in 2.4–5.8%
of the population [3]. In this variant, the left V1 segment enters the transverse foramen at C4 instead of C6
and results from the persistence of segmental arteries
more cranial than the sixth cervical artery. The other
notable anomaly of vertebral artery origin occurs in the
setting of an aberrant right subclavian artery, in which
the right vertebral artery arises from the right common
carotid artery [4]. Additional anomalies of vertebral
origin have been reported in case reports, but all are
exceedingly rare.

Carotid-Vertebral and
Carotid-Basilar Anastomoses
There are various carotid-vertebral and carotid basilar
anastomoses which develop from the persistence of
primitive arteries arising from dorsal extensions of the
early internal carotid artery (ICA) (Figure 5.3). The
distal segments of these later coalesce into the vertebral
arteries. The most common anastomosis is the persistent
trigeminal artery, with an incidence of between 0.1%
and 0.6% [2]. It is also the most cephalad and last of
the carotid-basilar anastomoses to regress. It arises from
the cavernous segment of the ICA and anastomoses
with the proximal basilar artery. Additional anastomoses
include the persistent hypoglossal, persistent otic, and
pro-atlantal arteries, all of which are exceedingly rare.
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Figure 5.1 Segments of the vertebral artery. Source: Cloud and

Figure 5.3 Carotid-basilar and carotid-vertebral anastomoses.
Source: Fantini et al. 1994 [5] with permission.

Markus 2003 [1] with permission.
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Figure 5.2 Left vertebral artery arising directly from the aortic arch.
1, left subclavian; 2, left vertebral; 3, left common carotid; 4, right
common carotid; 5, right vertebral; 6, innominate.

Vertebrobasilar Ischemia
Approximately 25% of ischemic strokes occur in the
posterior or vertebrobasilar circulation. There are a number of pathological processes which can cause posterior

circulation ischemia. The most important of these include
embolism, atherosclerotic disease, and dissection.
Embolism is the most common cause of vertebrobasilar
ischemia, accounting for approximately 40% of cases [6].
The embolism may originate from the heart, aorta or
proximal great vessels but is most commonly from the
proximal vertebral artery. Proximal vertebral artery
embolism usually arises from underlying atherosclerotic
disease.
Vertebral artery stenosis is the second most common cause (∼20%) of vertebrobasilar ischemia [7].
Though stenosis can occur in either the extra or intracranial vertebral artery, it most commonly occurs due
to atherosclerotic disease at the origin of the vessel
(Figure 5.4). Proximal vertebral artery stenosis is relatively common. In a large series of 4748 patients with
ischemic stroke, some degree of proximal extracranial
vertebral artery stenosis was seen in 18% of cases on
the right and 22.5% on the left [3]. Despite this many
lesions are asymptomatic secondary to both the presence
of flow via the contralateral vertebral artery and due to
rich collaterals supplied by the many neck branches of
the vertebral artery, which can serve to reconstitute a
proximal stenosis or occlusion.
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Figure 5.4 Multifocal atherosclerotic disease in the posterior circulation. Ostial stenosis of the vertebral artery before (a) and after (b) placement of a 4 mm balloon mounted stent. Additional mild stenosis of the intracranial vertebral artery and severe stenosis of the basilar artery in
the same patient before (c) and after (d) placement of a 3.5 mm balloon mounted stent in the basilar artery.

The initial work-up typically involves imaging with
computed tomography angiography (CTA) or magnetic
resonance angiography (MRA), which are more sensitive than ultrasound imaging. However, even with
today’s high resolution imaging, proximal stenosis can
be difficult to define. Conventional angiography remains
the gold standard and is often required to confirm and
further delineate the findings.
Unlike carotid artery stenosis, the management of
vertebral artery stenosis is poorly understood and has
received limited attention. Options include medical
management, endovascular intervention or surgery.
Traditionally the management of symptomatic vertebral artery disease has been conservative, consisting of
medical therapy. This includes antiplatelet therapy and
management of risk factors. The role of surgical therapy
is limited, with surgical endarterectomies and vessel

reconstruction rarely performed today. Complications
with surgery are not uncommon, with early complication
rates ranging from 2.5% to 20% [2].
The role of minimally invasive endovascular therapy
has increased significantly but its degree of benefit is still
uncertain, with little randomized long-term data available. The results have been mixed and inconclusive. The
Carotid And Vertebral Artery Transluminal Angioplasty
Study (CAVATAS) showed no long-term benefit between
endovascular intervention (stenting and/or angioplasty)
verses medical management [8]. Unfortunately, the study
was severely underpowered, with only 16 patients studied. The second phase of the Vertebral Artery Ischemia
Stenting Trial (VIST) was completed in 2015 [9]. This
large multi-center trial demonstrated a major periprocedural vascular complication rate of 5% versus a 2%
complication rate with medical treatment alone, with
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no statistical difference for recurrent stroke between the
two groups. The preliminary results of the VIST trial are
still pending formal publication. The key results show a
strong trend toward a long-term benefit with a reduction
of stroke with angioplasty and stenting of the extracranial
vertebral artery [10]. The Stenting versus Aggressive
Medical Therapy for Intracranial Arterial Stenosis
(SAMMPRIS) trial addressed the issue of intracranial
stenosis. This showed that patients with recent transient
ischemic attacks (TIA)/CVA due to 70–99% intracranial
arterial stenosis, angioplasty, and stenting were associated with an increased risk of recurrent stroke compared
to medical therapy alone [11]. A meta-analysis of the
literature through 2012 by Antoniou et al. included a
total of 1099 patients who underwent endovascular treatment. The study showed a low periprocedural neurologic
adverse event rate with a transient ischemic attack rate
of 1.5% and a combined stroke and death rate of 1.1%.
Restenosis developed in 183 of 789 patients (23%) who
underwent follow-up imaging, though the range was
wide (0–58%) [8]. Technical success rates were excellent
at 97% [12].
In general, while medical management of disease
should suffice for the majority of patients with intracranial
and extracranial atherosclerotic stenosis, endovascular
therapy can be considered in high-grade extracranial
stenoses (>70%) that are refractory to medical therapy
and/or when the contralateral vessel is compromised.
When multi-vessel disease and global ischemia exist
then recanalizing the vertebral may be the only option to
improve flow via the posterior communicating vessels.

(a)

Other factors that should be taken into account include
the age of the patient, operator experience, collateral
circulation, severity of symptoms, and the appearance of
the stenosis [11].

Vertebral Artery Dissection
Dissection of the vertebral artery occurs most frequently at the level of the second and third cervical
vertebrae (Figure 5.5). The vertebral artery travels in the
trans-vertebral foramen until the C2 level when it exits
at C3 and passes through the foramen magnum to enter
the intracranial segment at the base of the skull [14, 15].
Here it joins with the contralateral vertebral and forms
the basilar artery. Mobility exists at the C1, C2 level
with the base of the skull and may be a reason why this
segment is exposed to trauma and subsequent dissection
[16]. When arterial dissection occurs there remains a
question whether the clot at the dissection site originates
from an intimal tear in the tunica intima or from the
vaso vasorum on the external wall [17]. When blood
accumulates, it creates a dual lumen at the dissection
site. In patients with dissection there has always been the
suggestion of a connective tissue disorder [15].
Dissection events occur more frequently in patients
who may have fibromuscular disease, a family history,
and patients with a diagnosis of Ehlers-Danlos syndrome
[18, 19]. Dissecting aneurysms of the vertebral artery are
responsible for 4% of cerebral aneurysms, and although
a rare event remain an important cause of subarachnoid
hemorrhage [20]. Rarely dissection of the vertebral artery

(b)

Figure 5.5 (a) Dissection of the left vertebral artery secondary to guide wire injury. (b) Complete resolution occurred in six months with

only aspirin and clopidogrel. Source: Kochin 2015 [13].

CHAPTER 5 Vertebral Artery Occlusive Disease

(a)

49

(b)

Figure 5.6 (a) Acute embolic stroke of the vertebral basilar artery with involvement of the PICA, AICA, and right posterior cerebellar arter-

ies. (b) Angiography post TPA thrombolysis, aspiration, and thrombectomy shows recanalization of the involved vessels. The left posterior
cerebellar artery refills via the left internal carotid artery.

may occur with the carotid artery accounting for 2% of
all strokes. Pain is a principal finding in 75% of patients.
Angiography still remains the gold standard for diagnostic confirmation, although CTA and MRA are also
satisfactory for precise definition of the dissection [21].
Angiography at the time of onset provides detailed information of the vertebral as well as the entire posterior
fossa circulation in addition to the extra and intracranial carotid distribution. This will also provide detailed
examination of the contralateral carotid and intracranial
carotid circulation.
Options for management are dependent on the time of
onset, location and extension of the dissection, clinical
findings, and partial or total obstruction. There is the
question of whether the patient is best managed medically, surgically, or with minimally invasive endovascular
therapy. If the patient is asymptomatic with satisfactory flow, medical management would be appropriate.
If an evolving symptomatic stroke is occurring and
marked stenosis at the dissection site exists then conventional angioplasty may be indicated. When visible
clot is present acute aspiration is recommended followed
by thrombolysis (Figure 5.6). Thrombolysis is effective

but unfortunately can be responsible for intracranial
bleeding.
Vertebral artery dissection is most frequently related
to either spontaneous dissection or external trauma. Pain
at the time of onset is the most frequent symptom. In
the absence of intracranial bleed or aneurysmal formation there is a high incidence of recovery approaching
75%. Best medical management is most appropriate for
asymptomatic vertebral dissection. With symptomatic
dissection it may be necessary for endovascular intervention with a choice of thrombolysis, thrombectomy, or
aspiration.

Technique
Most vertebral intervention is now being done with an
entirely endovascular approach. Normally access to the
vertebral artery is not difficult and angioplasty with stenting is preferred. The procedure can be done under local
anesthesia with monitored moderate sedation or general
anesthesia depending on the case.
Preprocedural angiography is strongly recommended
for planning purposes in non-emergent cases [13]. The
femoral, brachial, and more recently the radial arteries
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post-procedure Clopidogrel. The patient is discharged
the following day and followed up regularly.

References

Figure 5.7 Diffusion weighted MRI showing shower emboli from

the vertebral artery following vertebral stenting which resulted in
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Introduction
Stroke is the leading cause of adult disability in the
Western world and the second leading cause of death
worldwide. Acute ischemic stroke (AIS) is most commonly the result of thromboembolism of the cerebral
vessels. It is estimated that AIS occurs in up to 87% of
all stroke-related cases worldwide. In the United States
alone, the incidence of AIS is approximately 750 000
patients annually. The incidence of AIS is expected to
increase 25% in the next 20 years.
The economic impact of AIS-related morbidity and
mortality is also high. Data from 2008 reveal that the total
costs (direct and indirect) of treating AIS in the United
States is approximately $34.3 billion, and the total annual
cost in the 27 EU countries is about €27 billion [1].
In AIS, the acute arrest of blood flow (ischemia) to
brain cells leads to rapid neuronal injury and death.
It is estimated that on average 1.9 million neurons are
lost every minute of a large artery occlusion. The main
goal of treatment of AIS secondary to large vessel occlusion (LVO) is to rapidly restore flow in the brain by
recanalizing the occluded vessels.
Endovascular therapy (ET) for acute LVO is now
proven to be a treatment that can result in a life without
disability for a large number of AIS patients. We currently have level 1A evidence generated by multi-center,
controlled, randomized clinical trials on the safety and
efficacy of ET in patients with acute LVO.
The purpose of this chapter is to review the development of endovascular stroke therapy though the analysis
of the evidence presented in randomized clinical trials.
The first step in treating AIS successfully is the notion
that early reperfusion of an LVO can produce dramatic
improvement in the patient’s symptoms [2]. Exactly
20 years ago, National Institute of Neurological Disorders

and Stroke (NINDS) investigators showed superiority
of recombinant intravenous (IV) tissue plasminogen
activator (r-tPA) versus placebo in AIS [2]. The data
came on the shoulder of three well-performed but negative trials [1, 3, 4]. Undoubtedly, the NINDS IV tPA
trial established once and for all the concept of acute,
time-dependent reperfusion therapy in cerebral ischemia.
At that time, it was a historical step forward. In fact, until
then the approach to patients with AIS consisted of
supportive care, rehabilitation, and secondary stroke
prevention.
As IV tPA was being used worldwide, it was reported
that it may result in low rates of complete recanalization
in LVO. This was particularly true for proximal occlusions [5]. Endovascular recanalization therapy was then
the most logical development on the road to treat LVO
successfully.
The initial attempt for endovascular therapy of AIS
was based on intra-arterial thrombolysis and then
first-generation mechanical thrombectomy devices (i.e.
the concentric thrombus retriever and penumbra device)
[6, 7]. The clinical utility of this approach was tested
in three randomized clinical trials: (i) SYNTHESISExpansion, (ii) Interventional Management of Stroke
(IMS III), and (iii) Mechanical Retrieval and Recanalization of Stroke Clots Using Embolectomy (MR RESCUE).
The trials were presented and concurrently published in
The New England Journal of Medicine in 2013 [8–10].

SYNTHESIS-Expansion
Ciccone et al. deserve credit for being able to design
and execute a multi-center randomized clinical trial
of endovascular therapy that reflected the standard of
care at that time [8]. In particular, the investigators
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selected and randomized 362 patients with AIS treated
within 4.5 hours after symptom onset. The patients were
randomized to IA thrombolysis with r-tPA, mechanical
thrombectomy (i.e. wire manipulation or concentric
thrombus retriever) or a combination of both. The trial
did not mandate a diagnosis of LVO or time constraints
for treatment. According to the trial design patients were
treated “as soon as possible after randomization.”
As primary outcome, SYNTHESIS-Expansion decided
to use free of disability survival as assessed by a modified
Rankin score (mRS) of 0 or 1 at three months.
In the trial, 181 patients were randomized to endovascular therapy while 181 were treated with 0.9 mg kg−1 of
IV r-tPA. There was a significant delay in the time from
stroke onset to treatment between endovascular therapy
(3.75 hours) and IV r-tPA (2.75 hours) (P < 0.001). The
trial missed the primary outcome for endovascular therapy. In fact only 55 patients (30.4%) had a mRS ≤ 1 in
the endovascular arm versus 63 (34.8%) in the IV r-tPA
group. The difference was not statistically significant.
With regards to safety also there was no difference between the two treatments. In fact, symptomatic
intracranial hemorrhage was present in 6% of the patients
in each group. The investigator concluded that endovascular therapy as performed in the trial was not superior
to standard medical management with 0.9 mg kg−1 of IV
r-tPA.

Interventional Management
of Stroke (IMS III)
The IMS III trial was a NIH sponsored, multi-center, randomized clinical trial to evaluate if endovascular stroke
therapy was superior to IV r-tPA in patients eligible for
IV tPA [9]. In particular, eligible subjects for the trials
were patients who received IV tPA within three hours
after symptom onset and were randomized to endovascular therapy or IV tPA alone, in a 2 : 1 ratio. As primary
outcome, the investigator selected a mRS ≤2 at 90 days.
The trial randomized 656 patients (434 endovascular
therapy; 222 IV tPA). The trial was halted for futility at
656 patients. In fact, similarly to SYNTHESIS-Expansion,
there was no statistical difference in the proportion of
patients with mRS ≤ 2 at 90 days between the two arms of
the trial (40.8% endovascular therapy and 38.7% IV tPA).
The trials also stratified groups based on the National
Institutes of Health Stroke Scale (NIHSS) score 8–19,
for moderately severe stroke, or ≥ 20, for severe strokes.
There were also no statistically significant differences in
patients with an NIHSS ≥20 (6.8 percentage points; 95%

CI, −4.4 to 18.1) and those with a score of 19 or lower
(−1.0 percentage point; 95% CI, −10.8 to 8.8).
With regards to mortality, also there were no differences in the percentage of patients with mRs = 6
(mortality) at 90 days in the endovascular arm compared
to IV tPA at 90 days (19.1% and 21.6%, respectively;
P = 0.52) With regards to safety, also there was no statistical difference in symptomatic intracerebral hemorrhage
(ICH) (6.2% and 5.9%, respectively; P = 0.83).

The Mechanical Retrieval
and Recanalization of Stroke Clots
Using Embolectomy (MR RESCUE)
MR RESCUE was a phase 2b, randomized, controlled,
open-label (with blinded outcomes), multi-center trial
conducted at 22 study sites in North America [10]. The
investigators wanted to test the hypothesis that ischemic
penumbral brain imaging can identify patients who are
most likely to benefit from revascularization therapy.
In addition, the trial aimed to evaluate if mechanical
thrombectomy (by Concetric Thrombus Retriever or
Penumbra system) can improve patient outcomes. The
trial was funded by the NIH/NINDS.
The investigators randomized acute stroke patients
with imaging proven LVO within eight hours after stroke
onset to undergo mechanical embolectomy (i.e. Merci
Retriever or Penumbra System) or standard of care. The
trial was limited to LVO of the anterior circulation.
Penumbral imaging had to be performed prior to randomization and included computed tomography (CT)
or magnetic resonance imaging (MRI). A “favorable”
penumbral pattern was used to stratify patients before
randomization. In particular, patients were divided into
two groups: (i) a penumbral pattern on CT or magnetic
resonance angiography (MRA) indicated by evidence
of a small infarct core or a large area of hypoperfusion
or (ii) a non-penumbral pattern (large core or small or
absent penumbra).
With regards to clinical outcome the investigators
performed a shift analysis through the range of the mRS
score (i.e. 0 no symptoms; 6 dead) at 90 days. MR RESCUE enrolled 118 patients of whom 58% had a favorable
penumbral pattern. Similarly to SYNTHESIS-Expansion
and IMS III also in this trial there were no differences
in the mean mRS score between patients treated with
mechanical thrombectomy or standard of care (3.9 vs.
3.9, P = 0.99). With regards to the penumbral pattern,
the lack of statistically significant difference was present
in both groups. In particular, mechanical thrombectomy
was not superior to standard medical management in
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patients with a favorable penumbral pattern (mean score,
3.9 vs. 3.4; P = 0.23) or a non-penumbral pattern (mean
score, 4.0 vs. 4.4; P = 0.32). In addition, in the primary
analysis of 90 days mRS scores there was no interaction
between the pretreatment imaging pattern and treatment
assignment (P = 0.14).
With regards to safety, 90-day mortality, and ICH, there
were also no differences among groups. The authors, however, reported that successful revascularization defined as
a score for thrombolysis in cerebral infarction (TICI) of
2 or 3 was achieved in 67% of the patients. In addition,
they reported that a 90 day mRS > 2 and attenuated infarct
growth was achieved more often in patients with good
reperfusion and in patients with 7-day TICI > 2. The conclusions from these three negative trials were that in acute
stroke secondary to LVO endovascular therapy was not
superior to standard medical treatment.
However, SYNTHESIS-Expansion, IMS III, and MR
RESCUE all had significant drawbacks in both trial
design and execution. In particular, a documentation
of an LVO before enrollment in both medical and
endovascular arms was present only in MR RESCUE.
More importantly, successful revascularization rates
with first-generation thrombectomy devices were in
the 30–40% range. Even though some of the trials used
an adaptive design allowing the use of new thrombectomy devices, very few patients were treated with latest
generation technology.
On the other hand, it was indeed challenging to perform a randomized clinical trial while endovascular
therapy for AIS was rapidly evolving [11–15]. In fact,
at the same time as these trials were enrolling patients,
several investigators reported that primary stenting was
effective when first-generation thrombectomy devices
failed [11–15]. However, primary stenting itself had
significant drawbacks, including the need for dual
anti-platelet therapy after implantation of the stent.
Therefore, from the close collaboration between
industry and clinical investigators, it was decided to test
a “retrievable stent.” The dawn of hope for endovascular
therapy came from two trials on retrievable stents, i.e.
the Solitaire FR with the Intention for Thrombectomy
(SWIFT) and TREVO 1–2 [16, 17].

The Solitaire FR with the Intention
for Thrombectomy (SWIFT) Trial
The SWIFT trial was a prospective, controlled, multicenter trial in Europe and the United States of the
stent-retriever Solitaire FR versus the Concentric Thrombus Retriever (Merci) [16]. As primary outcome, the
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investigators chose “revascularization” by TICI scores or
thrombolysis in myocardial infarction (TIMI) scores. The
secondary outcome measures were an mRS score of 0–2
and 90-day mortality. To compare the safety of retrievable
stent technology compared to previous thrombectomy
devices, the investigators selected device-related serious
adverse events such as symptomatic ICH rate within 24
(−6/+12 hours) post-procedure. Recanalization rates in
the Solitaire FR arm were 68.5% (TIMI ≥2) or 75.9%
(TICI ≥2b) and statistically superior to Merci retriever
(P < 0.0001). Higher recanalization rates resulted in a
higher proportion of patients with a life free of disability
in the Solitaire FR arm (36.4% vs. 28%). Mortality at
90 days was remarkably low in the Solitaire arm, 18% vs.
44% in the Merci group.

Thrombectomy REvascularization
of Large Vessel Occlusions in Acute
Ischemic Stroke (TREVO)
The TREVO study was composed of two clinical trials testing another stent-retriever (TREVO) versus the
Merci Device [17]. TREVO was a prospective, controlled,
multi-center trial of 60 patients mostly from European medical centers. The primary outcome measure
was revascularization of the occluded vessel. Revascularization secondary outcome measures: Clinical
outcomes at 90 days were defined as an mRS score of
0–2 at 90 days, mortality at 90 days, device-related serious adverse events, and symptomatic ICH rate within
24 (−6/+12 hours) post-procedure. TREVO 2 was mostly
performed in the United States and also showed higher
recanalization rates and better outcomes compared to the
Merci clot retriever.
With such remarkable improvement in recanalization
rates with this new generation of thrombectomy devices,
several clinical trials were undertaken. The aim of this
second round of multi-center, randomized clinical trials
was to test again the hypothesis of superiority of the
endovascular approach versus best medical management
that included IV r-tPA.

Multi-center Randomized Clinical
Trial of Endovascular Treatment
for Acute Ischemic Stroke in the
Netherlands (MR CLEAN)
MR CLEAN was a randomized controlled trial of eligible acute stroke patients to either endovascular intervention plus standard medical management versus medical
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management only [18]. Inclusion criteria were patients
with a proximal anterior circulation LVO within six hours
after symptom onset.
Primary outcome was 90 day mRS. The treatment
effect was estimated with ordinal logistic regression over
the entire range of the mRS score (shift analysis). The
investigators were able to randomize 500 patients in 16
medical centers. Out of 500, 233 patients were randomized to endovascular thrombectomy and 267 to standard
medical care that included IV tPA. Retrievable stents
were used in 190 of the 233 patients (81.5%) assigned to
IA treatment.
In the endovascular arm, 32.6% of patients had a
mRS ≤ 2 at 90 days compared to 19.1% in the best medical management arm. In the trial, there was an absolute
difference of 13.5 percentage points (95% CI, 5.9 to 21.2)
in the rates of patients with mRS < 2 (0 to 2) in favor of
the intervention (32.6% vs. 19.1%).
With regards to safety, there were no significant differences in the rates of symptomatic ICH and/or mortality
between the two groups.
The announcement of MR CLEAN data at the 9th
World Stroke Congress in Istanbul, Turkey in 2014 triggered an immediate interim analysis of the ongoing trials
ESCAPE and EXTEND IA.

management was assessed by shift analysis. In particular,
they created a proportional odds model to calculate the
common odds ratio as a measure of the likelihood that
the intervention would lead to lower mRS scores.
The trial was stopped early because the interim analysis demonstrated overwhelming superiority of the
endovascular approach over medical management. In
particular, in 22 centers worldwide, the investigators
enrolled 316 patients; 238 received IV tPA, then 120 were
included in the endovascular arm and 118 in the control
arm. In the endovascular arm, median time from CT
to first reperfusion was 84 minutes. Rate of “functional
independence” (mRS ≤ 2) was increased by mechanical
thrombectomy (53.0% vs. 29.3% in the control group;
P < 0.001) (Figures 6.1–6.3). The median 90-day was
mRS 2 in the intervention group and 4 in the control
group (P < 0.001). Similarly to MR CLEAN mortality was
lower in patients who underwent mechanical thrombectomy (10.4% vs. 19.0%; P = 0.04). There was no difference
in symptomatic ICH between the two groups.
With regards to secondary analysis, clinical and imaging endpoints also favored endovascular treatment. The
rate of patients with 90-day Barthel Index of 95 to 100
was 57.7% in the endovascular arm versus 33.6% in the
medical arm. Similarly, the rate of patients with a 90-day
NIHSS score of 0 to 2 was 51.6% vs. 23.1%.

Endovascular Treatment for Small
Core and Anterior Circulation
Proximal Occlusion with Emphasis
on Minimizing CT to Recanalization
Times (ESCAPE)

Extending the Time
for Thrombolysis in Emergency
Neurological
Deﬁcits – Intra-Arterial (EXTEND-IA)

The ESCAPE trial was a multi-center, prospective,
randomized, open label, controlled trial with blinded
outcome evaluation (PROBE design) [19]. Eligible stroke
patients were randomized in a 1 : 1 ratio to receive
endovascular treatment or guideline-based care alone
(control group). Inclusion criteria were patients with a
proximal, intracranial, anterior circulation LVO within
12 hours after symptom onset.
In addition to the clinical inclusion criteria, ESCAPE
had an imaging component. In fact, patients with a large
infarct core assessed by the Alberta Stroke Program
Early Computed Tomography Score (ASPECTS) or poor
collateral circulation on CT angiography were excluded
from randomization. Very importantly, the ESCAPE
operators were encouraged to reach pre-determined time
targets from CT to groin and CT to recanalization.
As primary outcome, the investigators selected 90 days
mRS over the entire range from 0 to 6. Statistically, the
effect of the endovascular approach over standard medical

The EXTEND-IA trial was a multi-center, prospective, randomized, open-label, with blinded endpoint
trial of patients treated with IV tPA as criteria for
randomization [20].
In particular, the investigators selected AIS patients
who received standard 0.9 mg kg−1 of IV tPA within 4.5
hours after symptom onset. These patients were then
subsequently randomized to mechanical thrombectomy
with stent retriever or IV tPA alone. As inclusion criteria
EXTEND-IA included LVO or anterior circulation. In
addition, the trial had as inclusion criteria evidence
of ischemic core of less than 70 ml on CT perfusion
imaging. As primary outcomes, the investigator selected
reperfusion at 24 hours and early neurologic improvement indicated by ≥8-point reduction on the NIHSS or a
score of 0 or 1 at day 3. Secondary outcomes included the
functional score on the modified Rankin scale at 90 days.
Similarly to ESCAPE, EXTEND-IA had an interim
analysis triggered by the results of MR CLEAN. After
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Figure 6.1 Clinical history: 65-year-old presenting with left hemiplegia, profound neglect (NIHSS = 18) 2 : 30 min after symptoms onset. He
then developed decreased level of consciousness requiring intubation for airway protection. The patient received 0.9 mg kg−1 of IV tPA. Head
and neck CTA showed “tandem” occlusion of the right internal carotid artery (ICA) and middle cerebral artery (MCA). Cerebral angiogram
started four hours after symptom onset. Cervical angiogram, lateral view showing occlusion of the extra cranial ICA. Angioplasty and stenting
of the artery with complete recanalization.

Figure 6.2 After recanalization of the right ICA, we proceeded with mechanical thrombectomy of the right MCA occlusion. Angiogram post
thrombectomy showed complete recanalization of the artery.
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Solitaire FR with the Intention
for Thrombectomy as Primary
Endovascular Treatment for Acute
Ischemic Stroke (SWIFT PRIME)

Figure 6.3 Thrombus material extracted by the Solitaire FR device.

Patient recovered the neurological deficit completely, NIHSS = 0,
mRA = 0.

analyzing the data, the Data Monitoring Safety Board
(DSMB) decided to halt the trial for overwhelming
efficacy of endovascular therapy.
Very differently from IMS III, which was halted for
futility after 656 patients were randomized, EXTEND-IA
was halted for superiority after only 70 patients were
randomized.
The percentage of patients who were functionally
independent (i.e. mRS ≤ 2 at 90 days) was 71% in the
endovascular arm. This rate of functional independence
was the highest of all trials. In addition, early neurologic
improvement at three days was extremely high in patients
treated with mechanical thrombectomy compared to IV
tPA (80% vs. 37%, P = 0.002). With regards to perfusion imaging, the ischemic core underwent successful
revascularization resulting in decrease in the growth
of the ischemic core at 24 hours. This was greater in
the endovascular group compared to the IV tPA group
(median, 100% vs. 37%; P < 0.001).
Again, just as in MR CLEAN and ESCAPE, in
EXTEND-IA there were no significant differences in rates
of death or symptomatic ICH between patients treated
with mechanical thrombectomy versus standard IV tPA.

Solitaire FR With the Intention For Thrombectomy as Primary Endovascular Treatment for Acute Ischemic Stroke
(SWIFT PRIME) was stopped for overwhelming efficacy
of endovascular therapy versus IV tPA in patients eligible
for both after the data of MR CLEAN and ESCAPE were
announced (Figure 6.4).
SWIFT PRIME was an international, multi-center,
prospective, randomized, open clinical trial that compared IV tPA followed by ET in conjunction with IV
tPA in patients with ischemic stroke. The trial was
stopped early because of efficacy. In 39 centers, 196
patients underwent randomization. Thrombectomy plus
intravenous tPA was superior to IV tPA alone disability
over the entire range of the mRS at 90 days. In addition,
the proportion of patients with functional independence (mRS ≤ 2) was higher in the ET group compared
to controls (60% vs. 35%, P < 0.001). With regards to
safety, there were no significant differences between
90-day mortality (9% vs. 12%, P = 0.50) or symptomatic
intracranial hemorrhage between the two groups (0% vs.
3%, P = 0.12) [21].

SWIFT PRIME 90 Day mRS
70
60
50
40
30
20
10
0
Endovascular

Control

Figure 6.4 SWIFT PRIME: percentage of patients who achieved a
mRS ≤ 2 at 90 days in the endovascular arm versus best medical management.
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Randomized Trial
of Revascularization with Solitaire
FR Device versus Best Medical
Therapy in the Treatment of Acute
Stroke due to Anterior Circulation
Large Vessel Occlusion Presenting
within Eight Hours of Symptom
Onset (REVASCAT)
REVASCAT was a multi-center, prospective, randomized, sequential, open-label phase 3 study with blinded
evaluation. In the trials the investigators treated patients
with AIS within eight hours after the onset of symptoms.
Patients received either medical therapy (including
IV tPA when eligible) and endovascular therapy
(thrombectomy group) versus medical therapy alone
(control group). Similarly to SWIFT PRIME, ET reduced
the severity of disability over the range of the mRS. In the
trial ET led to higher rates of functional independence
(mRS ≤ 2) at 90 days (43.7% vs. 28.2%). In terms of
safety, there was no difference in rates of symptomatic
intracranial hemorrhage and death in both groups [22].

Conclusions
We currently have level 1A evidence from five multicenter randomized clinical trials showing overwhelming
superiority of the endovascular approach over medical
management in patients with LVO. The reported numbers needed to treat (NNT) to achieve a good functional
outcome in these trials are extremely low (between three
and four), which is also unprecedented in the history of
stroke therapy. Based on these results, ET is the standard
of care for patients with AIS secondary to LVO.
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CHAPTER 7

Endovascular Management of
Thoracoabdominal Aneurysms
William E. Beckerman and James F. McKinsey
Division of Vascular Surgery, Icahn School of Medicine at Mount Sinai, New York, NY, USA

Summary
Thoracic and thoracoabdominal aortic aneurysms (TAAs
and TAAAs) are a complex pathology to treat that are
associated with high perioperative mortality and morbidity for elective open repair, but still eclipsed by the high
likelihood of death in the event of rupture. Previously the
management of TAAs and TAAAs mandated open operative intervention but newer endovascular techniques
are allowing minimally invasive treatment of this disease
from remote groin and axillary access, sometimes even
under local anesthesia. This chapter will give an overview
of thoracoabdominal aortic aneurysmal disease, its perioperative management, and treatment of the disease with
a focus on endovascular techniques. Techniques covered
include straightforward thoracic endovascular aortic
repair (TEVAR) as well as techniques to manage branch
vessels including parallel (“snorkel” or “chimney”) stent
grafts (SnEVAR or ChEVAR), fenestrated endovascular
repair (fEVAR), branched grafts, and endovascular aortic
sealing (EVAS).

Introduction
Aneurysmal disease of the aorta is responsible for significant mortality in the United States, especially in men
greater than 55 years of age where it is the tenth leading
cause of death [1]. While abdominal aortic aneurysmal
disease is the more common subset of aortic disease
(accounting for approximately two-thirds of this disease process), thoracic and thoracoabdominal aortic
aneurysms (TAAs and TAAAs) appear to be increasing
in incidence and are being diagnosed with increasing

frequency [2]. Thoracoabdominal aneurysms are a complex pathology to treat and can be associated with a
perioperative mortality rate of 7–20% and paraplegia rate
of 7–20% for open repair. Mortality and complication
rates have been directly associated with hospital volume.
Most thoracoabdominal aneurysms are asymptomatic
but carry a high mortality when ruptured [3, 4]. The
open treatment of thoracoabdominal aneurysms entails
a thoracic and abdominal incision with concomitant
revascularization of multiple essential visceral branch
vessels.

Relevant Anatomy
The aorta extends distally from just beyond the aortic
valve of the heart to the aorta’s bifurcation into the
iliac arteries in the pelvis and can be roughly divided
into four segments: the ascending thoracic aorta, aortic
arch, descending thoracic aorta, and abdominal aorta.
Thoracoabdominal aneurysms involve segments of the
descending thoracic aorta down into the abdominal
aorta. They can be divided into five different types
of thoracoabdominal aneurysms based on anatomic
involvement (Figure 7.1). The aortic arch gives rise to the
brachiocephalic (innominate), left common carotid, and
left subclavian artery (SCA). The abdominal aorta gives
off the celiac trunk, superior mesenteric artery (SMA),
left and right renal arteries, and the inferior mesenteric
artery (IMA). In general, the aorta narrows in diameter
as it traverses caudally, from a mean aortic diameter of
3 cm at the ascending aorta to 1.5–2 cm at the abdominal
aorta.
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Modified Crawford Classification
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Figure 7.1 Crawford–Safi classification.

As diagnosis of TAA or TAAA requires an aortic dilatation greater than or equal to 200% of normal diameter,
these diameters at different segments become important
in diagnosing true aneurysmal disease versus ectatic
disease [5].
The most widely adopted system to describe thoracoabdominal aneurysmal disease is the Crawford classification (later modified by Safi) [6–9]:
• Type I is classified as aneurysmal disease distal to the
left SCA but proximal to the renal arteries.
• Type II is aneurysmal disease distal to the left SCA
extending below the level of the renal arteries.
• Type III is aneurysmal disease distal to the sixth intercostal space extending below the diaphragm into the
abdominal aorta.
• Type IV is aneurysmal disease limited to the entire (or
majority of) the abdominal aorta, including the renal or
visceral vessels.
• Type V is aneurysmal disease distal to the sixth intercostal space extending to the visceral segment of the
abdominal aorta.
These divisions are not only helpful for discussion of a disease with such varied presentation, but have clinical and
operative implications as well, which will be discussed in
more detail later in this chapter.

Clinical Presentation
As with most aneurysmal disease, the majority of patients
with TAA and TAAA are asymptomatic and are discovered incidentally on diagnostic studies evaluating for
other pathologies [10]. Axial imaging such as computed
tomography (CT) and magnetic resonance (MR) scans
join echocardiogram as common incidental methods of
discovery. Chest x-ray can incidentally uncover a TAA by
revealing a widened mediastinum, aortic knob, thoracic
aorta or even tracheal deviation. A majority (57%) of
patients who rupture will become symptomatic prior to
rupture; unfortunately the symptoms may be vague and
non-specific (see below) [11].
Asymptomatic Aneurysms
While most asymptomatic aneurysms are found incidentally on imaging studies, there are conditions or findings
that can prompt the physician to order imaging testing to
screen for aneurysmal aortic disease. Beyond the normal
atherosclerotic risk factors (smoking, hypertension, etc.),
patients with connective tissue disorders such as Marfan syndrome, Loeys–Dietz syndrome, Ehlers–Danlos
(type IV) syndrome and Turner syndrome are at a much
higher risk than the general population of developing
aortic aneurysmal disease, often secondary to dissection
(with 36% of such patients having an “aortic event”
such as dissection or aneurysm requiring surgery over a
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10-year period) [12]. Also at increased risk are patients
with aneurysmal disease elsewhere in the body, history
of aortic dissection, aortic valve disease, systemic autoimmune disorders (e.g. Takayasu’s arteritis) or a family
history of aneurysmal disease [12–14]. All of these risk
factors should prompt a lower threshold for imaging for
aneurysmal disease.
A focused physical examination can also sometimes
elicit findings that prompt a further workup that can
diagnose TAA or TAAA, including an arterial perfusion differential in upper and lower extremities, focal
neurological deficits, evidence of visceral ischemia,
aortic regurgitation, palpable aortic enlargement in the
sub-xiphoid region or bruits [12].
Symptomatic Aneurysms
Chest, back, flank, or abdominal pain, often of a vague
nature, is the most common presenting symptom of the
subset of patients with symptomatic TAA or TAAA. In
contrast to the acute, severe pain of abdominal aortic
aneurysms often indicative of pending rupture, pain from
TAAA is typically more chronic and it is suggested that
it does not necessarily predict a morbid natural course
[15]. That being said, patients with ruptured TAA often
present with acute severe pain and should therefore not
be discounted. Symptoms can also result from localized
compression of surrounding structures by the enlarging
aorta. In the case of TAA or TAAA, this can take the
form of hoarseness (secondary to compression of the
left recurrent laryngeal nerve), tracheal deviation or
persistent cough (secondary to tracheal compression)
or dysphagia (secondary to esophageal compression).
Neurologic or vascular ischemic deficits secondary to
embolization from the thoracic aorta to its many branches
(including aortic arch, visceral, renal and lower extremity
vessels) may also be the first signs that a patient has a TAA
or TAAA. Unsurprisingly, symptomatic aneurysms are
normally larger than asymptomatic aneurysms, usually
of diameter greater than 5 cm.
Ruptured Aneurysms
Aneurysm rupture is the most dramatic and lethal result
of untreated TAA or TAAA. The thoracic component
will typically rupture into the left chest or pericardium
and present as acute chest pain, hypotension or shock
whereas the abdominal component will typically rupture
into the retroperitoneum and present as acute abdominal,
flank, or back pain with similar effects on hemodynamics.
Occasionally, a descending thoracic aneurysm can rupture into the esophagus or bronchus and present as
hematemesis or hemoptysis from the resulting fistula.
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A stable patient can have the rupture identified by axial
imaging and even a chest x-ray can often provide the diagnosis. In contrast to non-ruptured patients with TAA or
TAAA, lab studies may show anemia or increased lactate
indicative of hemorrhagic shock.

Imaging
As mentioned, a diagnosis of TAA or TAAA is often
discovered via incidental imaging. The 2010 intersociety
guidelines recommend complete aortic imaging at time
of diagnosis in patients with genetic mutations (TGFBR1,
TGFBR2, FBN1, ACTA2, or MYH11) that predispose
to aortic pathology, first-degree relatives of those with
known aortic aneurysmal disease [2]. Ultrasound is the
most cost-effective method of screening for abdominal
aortic aneurysms, however it comes with the obvious
drawback of an inability to visualize thoracic aortic
aneurysmal pathology. CT or MR angiography are the
preferred imaging techniques for evaluating thoracic aortic aneurysmal disease, and are adept at showing detailed
aortic diameters, branch vessel anatomy, dissections, or
ruptures in thoracoabdominal and abdominal aortic disease [16, 17]. The merits of either technique are discussed
elsewhere with the special consideration of MR providing
better imaging of the aortic sinus. As all cross-section
imaging is subject to motion artifact inherent around the
aortic sinus, transthoracic echocardiography (TTE) or
transesophageal echocardiography (TEE) are often useful
as adjunctive imaging in addition to cross-sectional
imaging. TTE is preferred as an initial echocardiographic
evaluation, but can be technically limited, prompting
more thorough evaluation with TEE.
Of note, when comparing imaging to previous studies, the margin of error for the given imaging modality
should be taken into account, as should the difficulties and
discrepancies that can occur with comparing imaging of
different modalities [18].

Epidemiology, Natural History,
and Etiology
The incidence of TAAA is quoted as between 5.6 and
10.4 per 100 000 patient-years [19]. The average age of
a patient presenting with TAAA is 65 years and TAAA
affects males approximately twice as frequently as females
(in contrast to a markedly more skewed gender disparity
toward men in AAA). Prevalence and incidence of
asymptomatic as well as ruptured TAA and TAAA both
appear to be increasing in a number of studies in various
regions [20, 21].
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While the natural growth of TAA and TAAA is unpredictable and tends to scale with aneurysm size, on
average an increase of 0.4 cm yr−1 is reported, with mean
rates of 0.7 cm yr−1 seen in patients who rupture [22].
Older studies on morbidity and mortality of untreated
TAA and TAAA are complicated by patients with
dissections.
While earlier studies on the natural history of patients
with untreated TAA were fairly grim, with 20% survival at
five years in all patients with diagnosed TAA, more recent
studies showed overall five-year survival of 56%, with risk
of rupture as low as 0% in patients with TAA less than
4 cm and as high as 31% in patients with TAA greater
than 6 cm [19]. Untreated TAA rupture is almost always
fatal. Only half of patients with ruptured TAA survive
long enough to reach a hospital, and of those reaching a
hospital, a large percentage still do not survive [2].
The etiology of TAA or TAAA can be broadly broken down into sporadic versus genetically mediated
causes. Sporadic aneurysms are related to atherosclerotic risk factors that affect the integrity of the arterial
media: smoking, hypertension, hyperlipidemia, age [23].
Medial degeneration is responsible for 80% of TAAA,
with most of the remaining a result of aortic dissection.
These aneurysmal dissections are technically not true
aneurysms as the degeneration is not transmural but are
just as morbid if ruptured. There are certain factors that
have recently been elucidated that predispose aortas with
type B dissections to increased aneurysmal degeneration,
including a false lumen diameter greater than 22 mm,
dissection entry size greater than 15 mm, and partial false
lumen thrombosis [24, 25]. Aneurysmal dissections are
usually more extensive and occur more often in younger
patients versus those unrelated to dissection [26]. Less
common etiologies include infectious, inflammatory,
post-operative, and traumatic cause (all less than or
equal to 2%).
Approximately 5% of TAA or TAAAs can be traced
back to a genetically mediated predisposing factor such as
Marfan’s, as discussed previously. A minority of patients
without a named connective tissue genetic disorder still
carry a genetic risk of TAA or TAAA through familial
TAA. These patients present almost a decade younger
and have quicker rates of aneurysm expansion compared
to patients without a heritable process [27].

Additionally, as endovascular repair of TAA and TAAA
becomes more widely adopted, indications will likely liberalize if complications are shown to be decreased.
An area where there is little debate is that all TAA or
TAAAs that rupture or are clearly symptomatic should
be repaired [2]. Aside from this population, opinions
regarding aneurysm diameter that should prompt elective repair differ based on patient’s gender, aneurysm
size, and aneurysm etiology.
Most studies agree on intervention being indicated
when the aneurysm sac reaches either twice the native
diameter of the aorta at the level of the aneurysm or
approximately 6 cm [28, 29]. This estimation relies on
data showing 6 cm being an inflection point where mortality due to risk of rupture and dissection markedly
increases relative to risk of repair. Clouse et al. showed
a five-year risk of rupture of 31% in TAA greater than
6 cm versus only 16% in TAA between 4 and 5.9 cm [19].
These recommendations hold true for the average patient,
however adjustments of ±0.6 cm have been suggested for
those patients taller than 6 ft or shorter than 5 ft as their
native aortic diameter is at the edges of the normal range
[6]. The threshold for repair in patients with either a family history of dissection or rupture or for patients with
a known connective tissue disorder is typically lowered
as these patients tend to rupture at smaller aneurysm
diameters [2].
Rapid expansion of the aneurysm sac (generally
defined as a greater than 1 cm increase in size over one
year) is also regarded as a relative indication for intervention as this finding frequently portends impending
rupture due to increasing weakness of the aortic wall [30].
The decision to repair a TAA or TAAA with an open
versus endovascular approach is made more difficult by
the lack of any prospective, randomized trials comparing
both approaches. Industry-sponsored prospective trials
of the various devices have usually showed improved
early mortality outcomes with fewer serious complications (albeit without longer-term follow-up) and will
be discussed in more detail later in this chapter. That
being said, it is generally agreed upon that because of the
nature of the disease, the subset of patients with connective tissue disorders may be best served by open repair
depending on patient comorbidities and risk factors.
As this text concerns endovascular interventions, open
repair will be mentioned briefly as a point of comparison.

Indications for Repair
It should be noted prior to any discussion of indications
for repair that TAA and TAAA are not as well studied
as, nor have the same level of data as, infrarenal AAA.

Operative Repair
Open surgical repair of TAA and TAAA had been the
primary mode of repair for appropriate aneurysms until
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the introduction of the thoracic endovascular stent graft.
New innovations in the endovascular graft have allowed
for branches to be incorporated into the graft design
to allow perfusion of the visceral and renal arteries.
Open repair of TAA and TAAA has been associated
with a higher risk of acute morbidity and mortality
than endovascular repair. This is primarily due to the
added physiologic stress of aortic cross-clamping and
perfusion abnormalities to the visceral and renal vessels
as well as potentially the spinal artery of Adamkiewicz.
A meta-analysis of 86 papers revealed a range of open
operative mortality from 0% to 5.7% (in patients younger
than 60 and older than 80, respectively) for elective
repairs versus 1.6–42.9% with those same age parameters
[31]. Long-term survival is not well-studied, but survival
after the first year of open operative repair (69–78%)
predicts age-matched survival going forward.
The most serious complications specific to open
repair are spinal cord ischemia and renal injury. Spinal
cord ischemia causing paralysis is variable based on
a number of patient factors and predictive models of
expected ischemia based on Crawford type, acuity, and
dissection presence have been validated [3]. In general
and in the modern era, paralysis secondary to spinal
cord ischemia from open repair for all TAA or TAAA
ranges from 1.4 to 5.7% depending on age, with younger
patients (<60 years) carrying less risk than older patients
(>80 years). Renal injury is affected by measures aimed
at renal protection, with approximately 3% of patients
requiring post-operative dialysis and 1% requiring
permanent dialysis (Table 7.1) [3].

Endovascular Repair
While endovascular aortic aneurysm repair (EVAR) of
the infrarenal aorta was first reported in 1991 with the

first commercially available device beginning clinical trials in 1993, thoracic endovascular aortic repair (TEVAR)
was not reported until 1994 and it was over 10 years until
the first thoracic stent graft was commercially available
[38, 39]. While technology has advanced quickly with the
standard tube graft now modified with fenestrations and
branches for complex endovascular repairs, long-term
results are frequently limited by the rapid pace of technological progression. This section will discuss general
considerations for TEVAR followed by an overview of
different devices currently available.
General Considerations
For any surgical or endovascular procedure, appropriate
planning is vital to the success of the operation. This holds
especially true for TEVAR, where even a small issue with
deployment can result in a catastrophic outcome. One of
the first planning points is to determine the proximal and
distal extent of the stent-graft coverage. This amount of
coverage affects the feasibility of the intervention, complexity, and potential need for additional adjunct procedures. A reporting standard for landing zones in aortic
interventions was recommended by the Society for Vascular Surgery in 2010 (Figure 7.2) [9]:
• Zone 0 – Proximal to the innominate artery
• Zone 1 – Distal to the innominate but proximal to the
left common carotid artery (CCA)
• Zone 2 – Distal to the left CCA but proximal to the SCA
• Zone 3 – ≤2 cm from the left SCA in proximal descending thoracic aorta
• Zone 4 – >2 cm distal from the left SCA but in the proximal half of the descending thoracic aorta (T6)
• Zone 5 – From the distal half of the descending thoracic
aorta, proximal to the celiac artery
• Zone 6 – Celiac origin to the top of the SMA
• Zone 7 – SMA to the suprarenal aorta

Table 7.1 Open thoracoabdominal aneurysm repair and outcomes.
In-hospital
or 30-day

Spinal cord
ischemia/

Renal injury/
requiring

References

Patients

mortality (%)

permanent (%)

HD (%)

Svensson et al. [32]
Svensson et al. [33]
Coselli et al. [34]

1233
1509
1220

7%
8.2%
4.8%

10.6% total
15.5% total
−/4.6%

−/5.5%
17.8%/9.0%
11.1%/5.9%

Cambria et al. [35]
Estera et al. [36]
Cowan et al. [37]

337
790
1542

8.3%
15.1%
22.3%

11.4%/6.6%
6.9%
NR

13.5%/−
11%/−
14.2%/−

NR, not reported.
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Figure 7.2 SVS endovascular landing zones. Source: Society of
Vascular Surgery, 2010.

• Zone 8 – Involving at least one renal artery
• Zone 9 – Infrarenal aorta
• Zone 10 – Common iliac arteries
• Zone 11 – Extending to the external iliac arteries
The landing zone can be determined from proper axial
imaging, as described earlier, generally a CTA with
thin (preferably 1 mm) slices that capture the chest,
abdomen and pelvis to the level of the access vessels.
Three-dimensional reconstruction with centerline measurements is helpful for straightforward TEVAR and
essential for complex TEVAR.
In general, at least 2 cm of normal aorta is needed for
proper stent-graft apposition. The entire aorta and access
vessels should be evaluated for dissection, calcification,
thrombus, and tortuosity, all of which can negatively
affect the safe delivery of the stent graft. When sizing
these devices, attention should be paid to the instructions
for use, which differ in each device. Aortic diameter measurements of normal aorta in the stent-graft landing zone
should be taken orthogonal to the direction of the vessel
and the graft should be oversized accordingly from 6% to
36% (but typically 15–20%). An alternative measurement

technique would be to use three-dimensional computer
reconstruction with a calculated centerline flow. This
modality allows for measurements at right angles to the
center lumen of the aorta. This facilitates more accurate
measurement of the landing zone as well as allowing
adaptation to the tortuosity of the vessel by changing the
centerline flow path to match what one would perceive
to be the path of the graft as it traverses through the
aorta. Improper sizing can lead to suboptimal outcomes:
undersizing will result in graft migration and lack of seal,
however excessive oversizing can lead to endoleaks due
to the infolding of the graft fabric or even retrograde
aortic dissection [40].
Additionally, the vasculature should be evaluated for
safe delivery of the stent-graft system – these devices are
among the largest diameter endovascular devices, and a
7–8 mm external (and common) iliac artery with a minimum of calcification is necessary for safe delivery of most
devices.
Landing zones proximal to zone 4 necessitate coverage
of aortic arch vessels, and landing zones distal to zone 5
may necessitate coverage of visceral or renal vessels.
Branch preservation can be accomplished by a number
of different methods, but can be broadly divided into
endovascular and operative revascularization. Open
methods used in a hybrid approach typically involve
extra-anatomic bypasses whereas endovascular techniques utilize parallel grafts, fenestrated grafts, and/or
branched grafts.
Whereas revascularization of the innominate and left
common carotid is required when coverage is needed,
revascularization of the left SCA is less clear cut. Absolute
indications for left SCA revascularization include a coronary bypass utilizing the left internal mammary artery,
a dominant left vertebral artery, left arm arteriovenous
hemodialysis access, aberrant right SCA or occluded or
embolized hypogastric arteries [41]. Extensive anticipated or previous aortic stent-graft coverage or open
replacement is a relative indication given the increased
risk of spinal cord ischemia and the role of the left
subclavian in spinal cord perfusion. Growing evidence
supports the role for revascularization of the left SCA,
with intentional coverage linked to an over fourfold risk
of posterior circulation stroke [42, 43].
Endovascular Repair of the Thoracic Aorta
without Branch Vessels
TAA and TAAAs with coverage in zones 4 and 5 should
be served by a traditional TEVAR without management
of any branch vessels. There exist five devices approved
in the United States: Gore’s Conformable TAG (cTAG),
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Figure 7.3 TEVAR.

Cook’s TX2 and Alpha, Medtronic’s Valiant, and Bolton’s
Relay. The FDA-approved thoracic endografts all rely on
covered self-expanding stents that exert radial force to the
arterial wall for proximal and distal fixation. There is some
difference in the stent design as well as columnar support
between the various grafts (Figure 7.3). With appropriate
oversizing they can seal an aorta of diameter 18–42 mm as
their stent grafts range in diameter from 21 mm to 46 mm.
Access needs to be able to accommodate sheath sizes as
small as 16 Fr and as large as 26 Fr.
The procedure begins with access of both common
femoral arteries. While open femoral cutdown or iliac
conduit creation is occasionally necessary, completely
percutaneous access with the use of double Proglide or
Prostar closure devices is becoming more common with
good results [44, 45]. The less stenotic and less tortuous
side is typically used as the ipsilateral side for delivery of
the stent graft, the contralateral side will typically only
need to accommodate a small marker catheter. After
access, a super stiff wire is placed on the ipsilateral side
and a marker pigtail catheter is placed proximal to the
intended landing zone, with angiography performed
with appropriate manipulation of the image intensifier
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to assure perpendicular orientation to the aorta and
visualize the adjacent branch vessels.
Deployment differs by device, but the general principles are similar. Maximizing proximal and distal seal zone
is important, with 2 cm generally being the minimum for
these devices. Depending on the length of the thoracic
aorta being treated and the variation in aortic diameter
more than one thoracic stent graft can be required; in
these cases, maximizing overlap between the grafts is
important to help prevent modular disconnect and a
type III endoleak. To assist in accurate placement and
decrease the potential for distal migration, mean arterial
pressure (MAP) can be lowered during deployment.
Overlapping stents and proximal and distal seal zones
can be ballooned with a compliant balloon as needed.
Excessive or aggressive ballooning, especially at the
proximal seal zone should be avoided to reduce the risk
of retrograde aortic dissection. Ballooning of the true
lumen to create a larger lumen in a dissecting thoracic
aortic aneurysm is not indicated and can lead to late
rupture. Completion angiograms are taken to confirm
placement, perfusion of branch vessels, and absence of
type I or III endoleaks. Sheaths are removed carefully to
avoid iliofemoral injury and a safety wire is maintained
until it is assured that there is no injury or rupture of the
iliac vessels by the large sheaths of the thoracic endograft.
Arteriotomies are closed open or percutaneously.
Outcomes of standard TEVAR for TAA and TAAA
are not as well studied as EVAR. The pivotal studies
leading to approval for TAG, TX2, and Talent with strict
IFU adherence and patient selection for elective repair
all reported a 98% technical success rate. While there
are no randomized controlled trials, the three major
TEVAR trials (TAG, STARZ, and VALOR) all compared
TEVAR to open repair at centers of excellence. These
pivotal trials all demonstrated non-inferiority of TEVAR.
The TAG trial evaluating Gore’s TAG device showed
1.5% 30-day mortality, 17% 1-year mortality, and 1.5%
1-year aneurysm-related mortality (ARM). The STARZ
trial evaluating Cook’s Zenith TX2 showed 1.9% 30-day
mortality, 8.4% one-year mortality, and no one-year
late ARM compared with 5.7% 30-day, 14.5% one-year,
and no late one-year ARM for open repair, respectively.
The VALOR trial evaluating Medtronic’s Talent showed
2.1% 30-day mortality, 16.1% one-year mortality and
3.1% one-year late ARM compared with 8.9% 30-day,
20.6% one-year, and 11.6% late one-year ARM for open
repair, respectively [46–49]. The TAG study, analyzed out
to five years, showed TAG endovascular survival of 68%
vs. 67% in open surgical patients whereas the survival at
five years was 63% in both TX2 and open group in that
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Table 7.2 Pivotal TEVAR trials and outcomes.

References

Patients

Device

Mortality(%)
30-day/
1-year/5-year

30-day
stroke (%)

Spinal cord
ischemia/
permanent (%)

1-year
endoleak (%)

Matsumara et al. [51]

160

Cook Zenith TX2

1.9/8.4/37

2.5

1.25/NR

3.8

Makaroun et al. [50]
Fairman et al. [48]
Fairman et al. [52]

140
195
160

Gore TAG
Medtronic Talent
Medtronic Valiant

1.5/17/32
2.1/16.1/NR
3.1/12.6/NR

NR
3.6
2.5

NR
7.2/1.5
1.9/0.6

3.9
12.2
13

NR, not reported.

pivotal trial [50, 51]. More recently, the pivotal VALOR
II trial investigating the newer Medtronic Valiant graft
demonstrated noninferiority to the Talent with 96.3%
technical success, 3.1% perioperative mortality, and
12.6% one-year mortality (Table 7.2).
Complex Endovascular Repair – Parallel Grafts
Complexity of repair increases as a patient’s aneurysmal
degeneration begins to involve either the vessels of the
aortic arch proximally or the visceral vessels distally.
Parallel grafts, also known as “snorkels,” “chimneys,”
“periscopes,” and “sandwiches” describe techniques that
were the first attempts to manage branch vessels using
purely endovascular means. The rationale behind this
method is the use of smaller covered stents that are placed
parallel to the main aortic stent graft with the proximal
aspect of the smaller covered stents extending above the
thoracic graft and the distal aspect of the covered stent
going to a branch vessel of the aorta. This technique will
allow perfusion to the branch vessels while still allowing
coverage of the branch vessels allowing fixation of the
thoracic endograft in a more normal section of the aorta
[53, 54]. There are many iterations of this technique, but
the basic skills are familiar to any practitioner well-versed
in the endovascular realm. Frequently, this method
requires not only femoral access but access superiorly as
well (in order to cannulate branches with a downward
facing ostium or to preserve the accessed aortic arch
artery), typically through left brachial or axillary arteries.
Though the range of pathology treated with parallel
grafts is too varied for a detailed description of this
technique in this text, there are some basic details that
should be emphasized. An adequate seal zone is required
at the proximal aspect of the thoracic graft and parallel
graft in order to avoid a gutter leak outside the small
covered parallel graft and the thoracic graft. This generally is at least 3–5 cm in length. Cases requiring longer
small-diameter parallel grafts or cases with increased
vessel angulation can result in a higher rate of graft
kinking, narrowing or thrombosis. To minimize this, the

more flexible covered stents (currently Bard’s Fluency
and Gore’s Viabahn in contrast to the balloon expandable
Atrium iCast and Gore VBX) are supported by placement
of bare metal stents along their lengths to decrease the
possibility of compression or occlusion. Additionally,
inflation of kissing angioplasty balloons in these stents
and the main thoracic graft simultaneously helps preserve
the graft flow channel and prevents gutter leaks between
the parallel grafts and the main aortic stent grafts. Aside
from the risk of problems with perfusion to these branch
vessels, type I and type III endoleaks as a result of the
increased number of components remains a problem in
parallel grafts. Studies have shown that putting more than
two parallel grafts in one location can result in increased
graft thrombosis as well as potential impingement on
the main aortic graft lumen [55]. Despite the potential complications of gutter leaks and graft thrombosis,
the results of parallel grafting have been validated by
meta-analyses showing low 30-day mortality (4%), high
parallel graft patency (95–97%), and low (3%) rates of late
type I endoleaks [56]. This holds true for the aortic arch
as well, where a meta-analysis of 124 patients with 136
parallel grafts demonstrated 99.2% technical success with
4.8% perioperative mortality and 4% stroke rate. With a
median follow-up of 11 months, all involved aortic arch
branch vessels remained patent [57].
Complex Endovascular Repair – Fenestrated
Grafts
Another option for the management of aneurysms
extending to involve the renal and visceral branch vessels
is the fenestrated aortic graft, first suggested almost
20 years ago by Browne et al. [58]. Small reinforced
holes or scallops in the aortic graft material allow stents
or covered stents to be introduced into branch vessels
to maintain flow while extending the seal zone of the
main aortic graft into a more stable section of the aorta
(Figure 7.4). Outside the United States, thoracic branch
and fenestrated grafts are available for treating thoracic
arch, proximal descending thoracic, thoracoabdominal,
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Figure 7.4 Fenestrated aortic stent graft (photograph). (a) Large

fenestration, (b) Scallop, (c) Small fenestration.

and juxtarenal aortic aneurysms. The only fenestrated
device currently approved for use in the United States
is Cook’s Zenith fenestrated graft (ZFen). As currently
used, the ZFen is custom-sized for each patient, many
times assisted with centerline measurements obtained by
three-dimensional software. The fenestrated component
is a cylindrical endograft with the ability to accommodate
up to three vessels with a combination of small fenestrations, large fenestrations, and scallops (typically used for
both renal arteries and the SMA). Ideally performed in a
hybrid angiography suite, the main body is delivered and
partially deployed with attention to assure appropriate
orientation of the fenestrations for the renal and visceral
vessels. Then, using primary access from the contralateral
common femoral artery, the fenestrations are cannulated
with floppy hydrophilic wires that are then exchanged
for support wires followed by advancement of sheaths
through the fenestrations out into the desired branch
vessel. A covered balloon expandable stent is then placed
through the sheath and into the branch vessel. Once
this is accomplished, the fenestrated aortic graft is fully
deployed. Following deployment of the main body of the
fenestrated graft, each of the fenestrated covered stents
are then sequentially deployed with approximately 3 mm
of overlap into the aorta. A larger balloon is then used
to flare the proximal aspect of the covered stent to help
further seal the fenestration as well as allowing easier
access in the future if necessary.
Results from both the pivotal trial as well as postapproval real-world results have also been promising for
this technology [59, 60]. In the pivotal US trial, technical
success was 100% with less than 2% 30-day mortality
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and 91% five-year survival. At this five-year mark, there
was 81% primary and 97% secondary patency of targeted
renal arteries with 91% freedom from renal function
deterioration and 63% freedom from secondary interventions. Real-world results from the UK using ZFen
found 99% technical success in 318 patients with 4%
perioperative mortality and 99.4% target vessel preservation. There was 94% survival at one year with 93% target
vessel preservation and 89% survival with 85% target
vessel preservation at three years [61].
There exists limited information in the literature on
both the Cook and Bolton fenestrated arch endografts.
In a 29-patient study comparing custom-made Cook
fenestrated versus branched arch endografts, the fenestrated devices exhibited 20% 30-day mortality (n = 3)
(from major stroke, from proximal graft displacement
and iliac rupture, and from MI) vs. 0% 30-day mortality
with branched endografts. Mean follow-up period was
8 months for the fenestrated graft group and 10 months
for the branched endograft group. No branch occlusion
occurred in the surviving patients [62]. Of note, there
exists a fenestrated graft for the aortic arch, Japan’s Najuta
endograft, that reports a 99.2% technical success rate in
393 patients with 1.5% perioperative mortality rate and
1.8% perioperative stroke rate. These results, however,
have not been validated outside Japan [63]. Physicians
have also been known to modify existing thoracic grafts
with the endovascular creation of fenestrations, typically
from retrograde access from the vessel(s) being preserved
(“in situ fenestration”), the details of which are easily
found outside this text [64, 65]. The challenge of both
proper landing zones as well as graft movement in the
arch poses difficulties that will likely result in limited use
of arch fenestrations.
Complex Endovascular Repair – Branched Grafts
The logical evolution from fenestrating aortic grafts was
to have branches incorporated into the graft itself for perfusion of arch, visceral, and renal vessels. In aneurysms
involving the aortic arch this may eliminate the need
for extra-anatomic bypasses or invasive intrathoracic
reconstruction. In thoracoabdominal aneurysms this
would allow for full deployment of the graft in the thoracoabdominal aneurysm and then sequential access and
placement of bridging stents from the branches in the
thoracic endograft to the desired visceral or renal vessels
(Figure 7.5). This creates a more secure attachment site
and lowers the potential for type III endoleaks [66].
Branched grafts for use in the thoracoabdominal and
suprarenal aorta are still in the investigational phase in
the United States, with none approved for general use
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Figure 7.5 Branched grafts – 3D CTA.

at the time of this publication though investigational
device exemptions (IDEs) through select physicians exist.
Iliac branch devices are approved (Gore’s Iliac Branch
Endoprosthesis [IBE]) in the United States and allow for
preservation of the hypogastric artery via a branch graft
in order to treat common iliac and aortoiliac aneurysms.
The same challenges in treating the aortic arch using
fenestrated devices are inherent with branched devices:
limited flexibility, healthy ascending aorta (some devices
needing >5 cm healthy landing zone), proximity to the
aortic valve, and stroke risk with manipulation around
the innominate and left CCA. The first branched device
for treating aortic arch pathology devices, Japan’s Najuta
and Inoue, showed initial promise but suffered from
high incidences of strokes [67, 68]. In 2003, Chuter et al.
first detailed use of a branched device for the aortic arch
meant to maintain flow to the innominate that, when
combined with a carotid-carotid and carotid-subclavian
bypass, allowed for repair of the entire arch while remaining outside the chest [69]. In the current era, Cook’s Arch
Branch graft, a third-generation device, is probably the
best-described graft in this cutting-edge technology. It
is built on the Zenith platform with two internal side
branches at the outer curve of the graft to accommodate
the innominate and left CCA. Despite an initial steep
learning curve with high perioperative mortality (13.2%)
and cerebrovascular complications (18.2%) in the first
group of 38 patients denied open surgical options,

subsequent results with the next group of 27 patients
had zero perioperative mortalities and three (11.1%)
strokes [70, 71]. The other third-generation device with
experience in humans is Bolton’s Relay NBS Plus, also
incorporating two side branches with internal tunnels
for cannulation. One of the initial studies in 26 patients
reported two perioperative mortalities secondary to
stroke and four major complications including left common carotid dissection and left ventricle perforation
[72]. While promising, these devices for use in one of
the more unforgiving territories in the human body will
likely need further testing and longer follow-up before
being available to most interventionalists.
Devices currently in various stages of development
and use for abdominal vessel preservation are Cook’s
Zenith pivot branch (p-branch) and thoracic branch
(t-branch) devices, Gore’s Excluder thoracoabdominal branch endoprosthesis (TAMBE), and Medtronic’s
Valiant thoracoabdominal graft. These are all intended for
use as off-the-shelf products without customization and
applicable for most anatomy. While little data exists on
long-term outcomes for these modern branched devices,
data on anatomic feasibility for the devices varies widely.
Cook’s p-branch (with two pre-loaded renal pivot
branches and SMA fenestration and celiac scallop developed to treat juxtarenal abdominal aortic aneurysms)
found 49% of patients fitting liberal IFU anatomic criteria
with a major factor being the ability to include all visceral
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arteries (anatomically feasible in 61% of patients) [73, 74].
Initial Zenith p-branch outcomes from the United States
are encouraging. Technical success was achieved in this
Cleveland Clinic study of 16 patients meeting IFU for
either of the two p-branch variants, with no mortalities
and one renal artery occlusion (successfully recanalized)
at mean follow-up of four months [75].
Similarly, the initial University of California – San
Francisco experience with the Zenith t-branch for the
treatment of thoracoabdominal aneurysms showed
promise as well [76]. Technical success was achieved
in the 22 patients meeting enrollment criteria with two
(9.1%) perioperative mortalities, one from a guide wire
injury to a renal artery and one from a medication
error. No surviving patients suffered renal injury, spinal
ischemia, MI or stroke. Branch patency at one month
was 98.75%. A more in-depth look at branch anatomy
in t-branch type endograft technology in 38 consecutive
patients demonstrated the flexibility of such a design.
While the mean degree of stent-graft malorientation
was 18.4∘ , none of the 136 branch vessels incorporated
suffered migration, disconnection or kinking [77]. A
larger study out of the Cleveland Clinic lumping together
fenestrated and branched technology in 650 patients
with three year mean follow-up showed 89% freedom
from secondary intervention at the three year mark with
interventions needed on 0.6% of celiac, 4% of SMA, 6% of
right renal artery, and 5% of left renal artery stents. There
were three deaths caused by branch stent complications,
all involving the SMA. A retrospective analysis of 100
patients following multi-branched TAAA repair isolated

only increased mean renal artery length as a morphologic
factor correlating with branch occlusion [78].
Endovascular Repair – EVAS
Outside of the United States, Endologix’ Nellix endovascular aneurysm sealing (EVAS) device is being utilized
for the endovascular treatment of TAA and TAAA. Nellix
is a unique graft not yet approved for general use in the
United States that utilizes two balloon expandable stents
surrounded by a polymer-filled endobag that molds to
the vessel lumen sealing off the entirety of the aneurysm
sac (Figure 7.6). The IFU for Nellix is strict in its usage
in infrarenal aneurysms with an aortic neck of greater
than 10 mm. Yousseff, however, reports using the unique
sealing system with parallel stent grafting in the hopes
of reducing gutter leaks while treating paravisceral aortic
aneurysms with 100% technical success rate in an early
study of seven patients, a technique referred to in the
literature as chimney endovascular aneurysm sealing
(ChEVAS) [79]. Longer term results with EVAS in the
infrarenal aorta will likely determine if this novel technology is adopted for more proximal aneurysmal disease.

Complications
While endovascular repair is less invasive than open surgical options, endovascular aortic repair is still a major
surgery with the potential for serious complications.
Mortality, usually secondary to myocardial infarction,
and stroke are the two most severe complications secondary to any major vascular surgery. As described

Infrarenal Abdominal Aorta
Cross-section

Endografts

Polymer filled
Endobags

Figure 7.6 Nellix EVAS.
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earlier in this chapter, the newest generation of devices
have demonstrated a perioperative mortality and disabling stroke rate of 2% in elective TEVAR for TAA [3].
Patient selection, through preoperative patient testing
and extensive case planning, is key for good outcomes in
this regard. There is, however, a subset of complications
that merit further discussion as they are fairly unique to
this realm of endovascular intervention.
Spinal cord ischemia is a transient or permanent complication of TEVAR related to the coverage of vessels
perfusing the spinal cord. Cleveland Clinic’s retrospective review of 724 patients treated with either TEVAR
or open repair of TAA showed slightly lower rates of
spinal cord ischemia in the TEVAR group (4.3% vs. 7.5%)
approaching statistical significance (P = 0.08) with extent
of disease being the biggest predictive factor [80].
Vascular complications, most frequently related to large
device sheath size in the iliofemoral access vessels, have
now been reduced to 5–10% in more recent studies, down
significantly from earlier devices as technology as well as
user skill have improved. Vascular complications related
to ischemia of branch vessels intended to be preserved are
discussed in the individual sections on devices, as perfusion deficits are very dependent on the specific technology
being used (Table 7.3).
Endoleaks, defined as persistent blood flow in the
aneurysm sac, are described in detail elsewhere in this
text. Briefly, type I endoleaks are persistent blood flow
from around the stent graft at attachment sites proximally
(type IA) or distally (type IB). Type II endoleaks are from
retrograde blood flow into the sac from side branch
vessels such as lumbar arteries or the IMA. Type III
endoleaks are caused by either tears in the graft fabric
itself or (more commonly) from between separation
of stent-graft components [83]. For straightforward

TEVAR, endoleak rate is typically quoted as being lower
than EVAR, with rates of 4–15% [3]. As the number
of components increase, as they frequently do to treat
TAAA, the risk of type I and type III endoleaks increases.
In 2013 Mastracci et al. proposed revised criteria for
endoleak classification for branched stents [81]. In this,
component separation between the main body and a
branch or stent fracture of a branch is considered a
type III endoleak. A branch stent dislocation without
fracture or component separation, in contrast, is considered a type I endoleak as the dislocation suggests
either poor apposition of the branch stent or continued
aneurysm sac growth, causing dislodgement.
Other late complications that can occur include
graft migration (defined as >10 mm of migration, typically caudally) in 1–2.8% of patients at one year and
re-interventions (with rates ranging from 2.1% at one
year to 15% at five years) [3].

Perioperative Management
and Surveillance
Patients undergoing endovascular repair of TAA and
TAAA should be carefully managed perioperatively
as any patient undergoing major vascular surgery and
subject to the unique conditions inherent in every hospital system. One adjunct unique to vascular specialists
treating TAA and TAAA is placement and management
of spinal drains. Increased coverage of the aorta, especially around the artery of Adamkiewicz originating
around T8 to L1, raises the risk of deficits to spinal
cord perfusion. This becomes especially concerning in
patients with previous EVAR or those with compromised
collateral circulation, such as by embolized hypogastric
arteries or a covered left SCA. Additional non-anatomic

Table 7.3 Fenestrated and branch device target vessel outcomes.
Branch vesselrelated
re-intervention (%),
(mean f/u)

1′ /2′ vessel
patency (%),
(mean f/u)

References

Device

Oderich et al. [60]

67/178

Cook z-Fen

1.5/3/91

3/2/3

22 (37 months)

81/97 (60 months)

Kitagawa et al. [75]
Mastracci et al. [81]

16/64
650/1679

Cook p-Branch
All

0/NR/NR
NR

0/1/NR
1.7 (3 years)

3 (4 months)
2 (30 d), 6 (1 year),
16 (5 years)

97/100 (4 months)
NR

Premprabha et al. [78]
Oderich et al. [82]

100/382
127/496

Cook t-Branch
All

NR
0/4/NR

5.2 (25 months)
4 (9 months)

NR
7 (1 year),
18 (9 months)

NR
94/97 (1 year)

NR, not reported.

Mortality(%)
30-day/1-year/
5-year

Vessel
occlusion (%)
30-day/1-year/
5-year

Patients/
involved
vessels

CHAPTER 7 Thoracoabdominal Aneurysms

factors leading to increased risk of spinal cord ischemia
include renal insufficiency, intraoperative hypotension,
and prolonged procedure time. Preoperative insertion
of a spinal drain can help to decrease the potential for
paraplegia by allowing a decrease in cerebrospinal fluid
(CSF) pressure, thereby allowing increased spinal cord
perfusion as demonstrated in the equation:
spinal cord perfusion = (MAP − CSF pressure) [84]
Typically, this entails keeping the CSF pressure at
less than 10 mm H2 O and allowing up to 20 ml of CSF
drainage per hour. There is a theory that large decreases
in CSF volume can lead to increased risk of brain herniation with devastating results. Others have hypothesized
that as long as the patient is supplying CSF they cannot
have significant CSF fluid drainage resulting in herniation, demonstrated by positive results in some protocols
without limits on volume removal as long as target pressure is maintained [85]. As the equation demonstrates,
spinal cord perfusion can be augmented by raising MAP,
using continuous intravenous infusions of vasopressors
if necessary. Additionally, there is a theory that removing
cerebral spinal fluid allows for more spinal cord swelling
associated with ischemia without a decrease in pressure,
however the specific inflammatory cascade and resulting
edema are admittedly not well-studied [86, 87]. Preoperatively, a patient’s coagulation profile should be assessed
prior to spinal drain placement to prevent puncture site
complications related to bleeding. Post-operatively, a
neurovascularly intact patient with baseline blood pressure can have the spinal drain clamped once the patient is
awake and alert and able to undergo frequent neurologic
assessments, and removed 12 hours later if they continue
to have normal function [88].
Following graft implantation, patients are typically
followed up by surveillance imaging, commonly CTA,
at one month, six months, and then annually thereafter
with an eye towards graft integrity, patency of branch
vessels, and freedom from endoleaks and aneurysm sac
expansion.

Conclusions
In conclusion, TEVAR and TEVAR/EVAR with branch
and fenestrations have been validated as safe alternatives
to open surgery for TAA and TAAA, with increased
perioperative survival and similar rates of long-term
survival compared with open surgery. As technology
evolves, endovascular devices will undoubtedly be used
more frequently for advanced aortic pathology involving the aortic arch, thoracoabdominal aneurysms and
dissections, and the visceral vessels.
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Historical Background
The first detailed descriptions of abdominal aortic
aneurysms (AAAs) were made by the renowned
anatomist Andreas Vesalius (1514–1564), while his
pre-eminent surgical colleague Ambroise Pare (1510–
1590) proclaimed AAAs to be “incurable.” [1] Pare’s
assertion remained true until April 9, 1923 when Rudolph
Matas successfully repaired an AAA. Matas’ triumph was
followed in a relatively short time by Charles Dubost, who
successfully repaired an AAA with an arterial homograft
on March 29, 1951 [1]. Shortly after Dubost, Voorhees
introduced the concept of AAA repair utilizing a synthetic graft material, Vinyon-N [1]. Voorhees’s Vinyon-N
would be replaced by other synthetic materials, however
the concept of utilizing a synthetic fabric was a significant
step forward in arterial repair. Following Voorhees, there
was a rapid evolution of open AAA repair technique,
which included the utilization of a seamless Dacron graft
and improvement in perioperative care. Open repair of
AAAs, which began as an “incurable” disease, now has
perioperative mortality rates in the range of 1–7% [2, 3].
By the time open repair of AAAs had been refined,
a major paradigm shift toward a less invasive repair
was driven by Parodi’s development of endovascular aneurysm repair (EVAR) [4]. The basic concepts,
including repairing the aorta from the lumen without
resection (endoaneurysmorrhaphy) by Matas, utilizing
synthetics grafts for the repair by Voorhees, and the
notion of endovascular stents by Dotter, Gianturco, and
Palmaz, paved the intellectual path toward the invention
of EVAR. Although Parodi and colleagues performed
their first repair in 1990, they were preceded by Volodos

et al. Volodos deployed the first endograft successfully
in March 1987 in a patient with a post-traumatic false
aneurysm of the descending thoracic aorta [5]. Regardless, Parodi’s landmark paper in the Annals of Vascular
Surgery (1991) was the spark that ignited the endovascular revolution in the less-invasive treatment of AAA. By
November 1992, Parodi, Marin, and Veith performed the
first endograft repair in North America [6]. Although met
with strong initial skepticism, the concept spread relatively rapidly. Multiple randomized trials have shown the
superiority over open repair in the initial post-operative
period. EVAR has become the primary repair option
for patients presenting with infrarenal AAA requiring
repair [7, 8].

Demographics and Risk Factors
The prevalence of AAAs has been reported up to 8%
and they are responsible for approximately 13 000 known
deaths annually in the United States [9]. The actual number of deaths attributable to aneurysm rupture is likely
higher due to difficulty in determining cause of death in
many individuals. According to the Center for Disease
Control and Prevention, AAAs rank as the 15th leading
cause of death overall in the United States. The incidence
of AAAs appears to be decreasing in recent years. From
2000 to 2010 the incidence of ruptured abdominal aortic
aneurysms (rAAA) diagnosis decreased from 2.10 to 1.39
per 100 000. During the same time period the incidence
of unruptured AAA decreased from 13.93 to 12.83 per
100 000. This modest downtrend in incidence parallels a
similar trend in increasing utilization of EVAR. A recent

Endovascular Interventions, First Edition. Edited by Jose M. Wiley, Cristina Sanina, Peter Faries, Ian Del Conde, George D. Dangas and Prakash Krishnan.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd.

77

78

Endovascular Interventions

study based on data from the national inpatient sample by
Dua et al. showed that the utilization of EVAR for AAA
repair increased from 5.2% in 2000 to 74% in 2010 [9].
The primary risk factors associated with increased
risk for AAA include male gender, advanced age, greater
height, coronary artery disease (CAD), atherosclerosis,
hyperlipidemia (HLD), hypertension (HTN), smoking,
and genetic predisposition [7, 8]. In contrast, female
gender, African American race, and presence of diabetes
have been found to be protective against the development of AAA [9]. Smoking appears to have the greatest
correlation with aneurysm development, increasing the
risk of AAA sevenfold [8, 10]. Male gender imparts a
sixfold increased risk [10]. Family history of AAA in a
first-degree relative is also a significant risk factor. In
patients going for AAA repair, 12–19% were found to
have a first-degree relative with an AAA [11].

Etiology
The underlying etiology of AAAs is multifactorial, with
significant evidence of both environmental and genetic
factors contributing to the development and progression
of a degeneration of the aortic wall. Twin studies have
shown 70% heritability with 30% of AAA development
attributable to environmental factors [11, 12]. Analysis
of the underlying genetic causes of AAA has increased
significantly over the last few years. Genetic studies
have identified more than 90 genes that contribute to
AAA development. Among the genes implicated in AAA
development there is a wide variety of pathways that
these regulate, including protein degradation, cell cycle
regulation, inflammation, and lipid metabolism [11].
Each of these pathways has a role in AAA formation.
Extracellular matrix protein (collagen and elastin) degeneration in the aortic wall results in weakening of the vessel
wall. This is thought to be mediated by an imbalance of
matrix metalloproteinases (MMPs), proteolytic enzymes.
The presence of a chronic inflammatory milieu appears
to play a significant role in the development of aortic
aneurysms, as C-reactive protein (CRP) and interleukins
have been closely associated with AAA formation [11].

Diagnosis and Screening for AAA
Diagnosis
In patients who are being evaluated for AAA, a complete history and physical exam is warranted. Although
only 30–40% of AAAs are palpable on physical exam,
75% of those that are palpable are greater than 5 cm
[13, 14]. Furthermore, an AAA may be present in 85%

of patients with femoral artery aneurysms and 60% of
patients with popliteal artery aneurysms [13]. Detection
of a peripheral aneurysm warrants ultrasound evaluation for an AAA. The primary imaging modalities
for the diagnosis of AAA include duplex ultrasound,
computerized tomographic angiogram (CTA), and magnetic resonance imaging (MRI). Preprocedural planning
calls for three-dimensional CTA scan with fine cuts
(0.5–2.5 mm) to evaluate the anatomic measurements
critical for successful EVAR. Centerline measurements
can be determined in post-processing software systems.
This can be accomplished either as a send out to a
post-image processing company or at a workstation if
the appropriate software is available. Centerline measurements have improved accuracy in measurements.
The primary advantages for CTA include its quick acquisition speed, greater accuracy, and precision compared
to ultrasound and MRI. Rapid acquisition speed allows
CTA to be utilized for immediate preoperative planning
in patients with rAAA who are hemodynamically stable.
CTA requires exposure to radiation and intravenous
iodinated contrast. Abdominal B-mode ultrasound is the
recommended modality for AAA screening. Ultrasound
is ideal for screening, pre-intervention surveillance,
and post-operative surveillance since it is non-invasive
and inexpensive relative to computerized tomography
(CT) and MRI. Imaging with ultrasound is limited
by both patient factors (body habitus, bowel gas) and
inter-operator variability.
Screening for AAA
Under the 2007 Screen for Abdominal Aortic Aneurysms
Very Efficiently (SAAAVE) Act, Medicare covers a single
ultrasound scan for men 65–75 years of age who ever
smoked or men and women who have a family history
of AAA disease [15]. The Society for Vascular Surgery
(SVS) clinical guidelines are slightly more inclusive.
The SVS recommends a one-time ultrasound screen in
all men 65 years or older, men aged 55 or older with a
family history of AAA, and women aged 65 years or older
with a history of smoking or who have a family history
of AAA [13]. Although screening is most commonly
performed by primary care physicians, the operator may
be consulted regarding these recommendations or may
apply it to patients already being followed in his/her
practice. It is reasonable to offer screening within the
SVS and/or SAAAVE Act parameters given that multiple
large randomized controlled trials have demonstrated
a reduction in AAA-specific mortality by up to 40%
during 3–5 year follow-up [15–17]. Based on the pooled
data from the major trials ultrasound screening may
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Indications for Intervention
The primary indications for repair of AAAs are based on
the presence of rupture, suspicion of impending rupture,
presence of symptomatology, and size. Emergent repair
is indicated in patients with signs, symptoms or imaging
findings indicative of rupture or impending rupture.
Ruptured AAA and EVAR for rupture is reviewed in a
subsequent section. Patients with an AAA and symptoms
such as back or abdominal pain should undergo urgent
repair. The SVS guidelines weakly recommend elective
repair in patients with saccular aneurysms due to the low
level of evidence that there is an increased rupture risk.
Repair is definitively recommended for patients with
AAAs greater than or equal to 5.5 cm in maximal diameter [19]. Findings from some small aneurysm studies
indicate that certain patient populations may benefit from
early AAA repair between 5.0 and 5.4 cm [13, 20, 21].
Patients with an AAA of 3.5–4.4 cm should have surveillance imaging at yearly intervals. Patients with an AAA of
4.5–5.5 cm should have surveillance imaging at six month
intervals. Patients with AAA measuring between 3.0 and
3.4 cm should have repeat imaging at three years [13].
Rapid expansion >0.5 cm in six months or >1 cm in
one year is also a criterion that indicates need for AAA
repair [22] (Figure 8.1).
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detect AAAs in 4–9% of patients [16]. The majority of
AAAs found during screening exams are small. In the
UK Multicentre Aneurysm Screening Study (MASS) trial
only 12% of AAAs detected were greater than 5.5 cm [18].
Additionally, it is important to offer screening to family
members of patients being treated for AAAs. The current
guidelines recommend first-degree relatives (men >55;
women >65) be screened with duplex ultrasound for
AAA [13].
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Figure 8.1 AAA rupture risk based on size (RR = rupture risk).

Anatomic Requirements
for Endovascular Aneurysm Repair
The primary measurements that are taken during EVAR
planning include infrarenal neck length and diameter, length from intended proximal seal zone to aortic
bifurcation, diameter at aortic bifurcation, diameter of
common iliac arteries, and distance from the aortic bifurcation to the iliac bifurcation. The access vessels should
be assessed for diameter, presence of calcification, and
tortuosity. Infrarenal neck length is measured from the

Figure 8.2 Top and middle: MEGS graft and deployment system.
Bottom: Parodi graft system and Palmaz stent.
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Renal artery

Proximal stent

Aneurysm

were found to have suitable anatomy for EVAR [24].
Aorto-uni iliac (AUI) graft (Figure 8.5) placement is
another option for endovascular AAA repair. Indications for AUI include unilateral iliac occlusion, severe
iliac occlusive disease, severe iliac tortuosity, or a distal
aortic segment <16 mm for more than 1 cm that would
prohibit the deployment of two iliac limbs [24]. Standard
anatomic criteria for EVAR is depicted in Table 8.1, with
AUI inclusion criteria.

Endovascular Aneurysm Repair
Devices
Distal stent

Common iliac
arteries
Figure 8.3 Illustration of a Parodi stent graft from the early Montefiore Medical Center endograft experience. Source: From New England Journal of Medicine, Images in Clinical Medicine, Michael L.
Marin and Frank J Veith, Transfemoral Repair of Abdominal Aortic
Aneurysm, Volume 331 No. 26, Pg. 1751. Copyright © (1994) Massachusetts Medical Society. Reprinted with permission [23].

lowest renal artery to the start of the aneurysm. Infrarenal
neck diameters are taken at multiple locations to assess
the extent of tapering within the neck. Common iliac
artery (CIA) diameter should be measured at multiple
points before the iliac bifurcation. The infrarenal neck
measurements and CIA measurements are critical for
a successful EVAR since they determine the seal zones.
When taking measurements from a CT scan it is critical
to utilize the minor axis, which provides a more accurate
estimate of centerline aortic diameters.
Absolute contraindications for infrarenal EVAR
include infrarenal aortic neck diameter more than 32 mm
and neck length less than 7 mm. A proximal seal will not
be possible in necks >32 mm because the largest stent
graft is 36 mm in diameter (Zenith, Cook, Figure 8.4)
and adequate oversizing cannot be accomplished. The
Ovation device (Endologix) (Figure 8.4) has the shortest
indication for neck length at 7 mm. There are multiple other relative contraindications, including heavily
calcified or thrombus-filled aortic necks, aortic neck
angulation greater than 60∘ , and iliac arteries less than
6.5–7 mm [22]. In the IMPROVE trial, 64% of patients

Historical Devices
The endograft developed early on by Parodi and colleagues included a Palmaz stent sewn to the proximal
aspect of a Dacron tube graft [4, 6] (Figure 8.2). Later
iterations included a second Palmaz stent at the distal
aspect of the Dacron tube graft (Figure 8.2). The early
Montefiore Endograft System (MEGS graft) was an early
tube graft and delivery system that allowed for improved
deployment control (Figure 8.3). The initial tubular
design evolved rapidly into a bifurcated design by 1993
[25]. The bifurcated aortobi-iliac design greatly expanded
the range of AAA anatomy that could be treated. Collaboration with industry in the early stages of stent-graft
development allowed for the rapid development of
Food and Drug Administration (FDA) approved devices
by 1999 when the AneuRx AAAdvantage Stent Graft
(Medtronic, Inc., Minneapolis, MN) and the Ancure
(Guidant) grafts received FDA approval.
FDA Approved Devices
Currently, there are six FDA-approved stent grafts available for the repair of infrarenal AAAs (Figure 8.4). Each
graft can be characterized by four main factors: fabric,
stent material, location, and method of fixation. All grafts
feature either a polyester (woven Dacron) or expanded
polytetrafluoroethylene (ePTFE) body mounted on a
stent structure that is constructed of nitinol, stainless
steel or cobalt chromium alloy. Table 8.2 contains the
pertinent details for each of the six FDA-approved
stent grafts currently available. Fixation location and
method are important factors for each individual stent
graft. Fixation location can be suprarenal, infrarenal
or anatomic. Method of fixation can be passive or
active (barbs). The method and location of fixation
more than any other factors define the nature of each
individual graft and will often be determining factors
for when the operator will utilize an individual graft.
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Figure 8.4 (a) AFX 2 with Vela proximal component (Endologix). (b) Endurant (Medtronic). (c) Zenith Flex (Cook). (d) Ovation (Endologix).
(e) Excluder with contralateral limb (Gore). (f) Aorfix (Lombard).
Table 8.1 Standard EVAR anatomic criteria.
Aortic neck diameter
Aortic neck length
Neck angulation
Common iliac diameter
Common iliac length

18–32 mm
>10–15 mm (>7 mm with ovation)
<45–60∘
8–22 mm
>20 mm

AUI inclusion criteria
Iliac occlusion or severe stenosis
Severe iliac tortuosity
Distal aortic segment <16 mm for more than 1 cm
Source: Schanzer et al. [55].

Active suprarenal fixation with barbs on the suprarenal
stent is seen in the Zenith (Cook) (Figure 8.4c), Endurant
II (Medtronic) (Figure 8.4b) and Ovation (Endologix)
(Figure 8.4d) grafts. Anatomic fixation is a unique
characteristic of the AFX 2 (Endologix) (Figure 8.4a),
which requires either an infrarenal stent-graft proximal

extension or a Vela proximal cuff that includes a
suprarenal stent. The Excluder (Gore) (Figure 8.4e)
relies on infrarenal active fixation. The AFX 2 also has
the graft fabric on the outside of the stents, which allows
it to bulge slightly and obtain a better proximal seal.
The Ovation device utilizes a non-stented main body,
which is supported only by polymer-sealing rings. The
Ovation’s design allows for the smallest delivery system
currently available at 14 Fr. The polymer-sealing rings
allow the Ovation graft to have the indication for the
shortest neck at 7 mm. One caveat for the Ovation is that
the aortic neck diameter must be 30 mm at 1.3 cm from
the lowest renal artery. The Aorfix (Lombard) device is
the only device currently approved for aortic neck angles
up to 90∘ . For patients that require an AUI due to iliac
occlusion, iliac tortuosity or a narrow distal aorta the
Endurant AUI (Medtronic) (Figure 8.5a) is available.
The Zenith Renu (Cook) also allows for an AUI EVAR,
however it was originally developed to convert migrated
endografts to AUI configurations (Figure 8.5b) [26].

Table 8.2 FDA-approved stent grafts.
Device

Native

Main body

Device
(company)

diameter
(mm)

aortic neck
diameter (mm)

sheath
size (Fr)

Neck
length

Neck
angulation

Graft
material

Stent

Zenith Flex (Cook
Medical)

22–36
(largest

18–32

20–24 (OD)

≥15

≤60

Polyester

Stainless steel

Suprarenal stent with barbs
(active)

AFX 2/VELA

22–34

18–32

17 (ID)
19 (OD)

≥15

≤60

ePTFE

Cobalt
chromium alloy

Main body: anatomic at aortic
bifurcation

Location of
ﬁxation

available)
proximal
component
(Endologix)
Ovation/Ovation

Vela: suprarenal stent
(infrarenal extension is also
≤45–60

ePTFE

Nitinol

18–20 (OD)

≥15

≤60

ePTFE

Nitinol

infrarenal polymer-ﬁlled rings
Infrarenal; barbs (active)

19–29
19–32

22 (OD)
18–20 (OD)

≥15
≥10

≤90
≤60

PTFE
Polyester

Nitinol
Electropolished

Infrarenal; barbs (active)
Suprarenal stent with barbs

nitinol

(active)

19–32

18–20 (OD)

≥15

≤60

Polyester

Electropolished

Suprarenal stent with barbs

nitinol

(active)

16–30

Excluder (Gore)

23–31

19–29

Aorﬁx (Lombard)
Endurant II

24–31
23–36
23–36

iX(Endologix)

12 (ID)
14–15 (OD)

(active);

(Medtronic)
Endurant AUI
(Medtronic)
ID – inner diameter, OD – outer diameter.
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available)
Suprarenal stents with barbs

≥7

20–34
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Figure 8.5 (a) AUI (Medtronic). (b) Renu AUI (Cook).
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Experimental and IDE-Required Devices
There are numerous devices under investigational use
in the United States and internationally. Branched and
fenestrated devices in development and trials for complex
AAA and TAAA repair are reviewed in the section “Complex Endovascular Aneurysm Repair”. A paradigm shift
in stent-graft design began with the development of the
Ovation graft’s novel fixation method. Industry continues to explore novel methods of obtaining an adequate
proximal seal. The Nellix (Endologix) and the Altura
(Lombard) are two experimental devices that employ
novel proximal fixation methods. The Nellix device
utilizes the new concept of endovascular aneurysm
sealing (EVAS), which uses two balloon-expandable
cobalt-chromium alloy stents covered in ePTFE and a
polyurethane endobag. Two Nellix devices are deployed
in “kissing stent” fashion to ensuring proximal stent
alignment and the endobags are filled with polymer to
create a seal [27]. The Altura, similarly to the Nellix,
employs two stents in a “kissing” configuration to obtain
the proximal seal. The Altura stents utilize a “D-stent”
design through a repositionable 14 Fr deployment system.
There are multiple other grafts in various stages of trials,
including the Incraft device (Cordis). The continually
progressing landscape of the endograft market requires
the competent operator to remain informed in regard
to both improvements made to current devices and the
status of experimental devices.

Endovascular Aneurysm Repair:
Basics

(a)

(b)

Figure 8.6 (a) Iliac branch endoprosthesis (IBE). (b) IBE internal

iliac branch limb.

The treatment of juxtarenal, pararenal, suprarenal
AAAs or thoracoabdominal aneurysms (TAAAs) requires
the use of either parallel stents, a branched device or a
fenestrated device. The Zenith fenestrated device (ZFen)
(Cook) (Figure 8.10c) is the only FDA-approved device
for the treatment of juxtarenal aneurysms. The repair
of complex AAAs and TAAAs will be covered in the
section “Complex Endovascular Aneurysm Repair”.

Evidence
EVAR for the repair of infrarenal AAAs has been studied
in multiple randomized controlled trials since it was
widely adopted in the early 1990s. Difficulties exist in
comparing these trials for multiple reasons, but most
importantly because device technology continues to
evolve and patient selection was not standardized. EVAR
was validated as a safe mode of AAA repair by the early
European trials, which showed lower 30-day mortality
rates compared to open repair, 1.2–2.3% vs. 4.6–6% for
open [8, 28]. The benefits of lower early mortality rates
were not sustained at intermediate or late follow-up in
the DREAM and EVAR I trials [29, 30]. The DREAM trial
did see sustained lower aneurysm mortality compared to
open, however overall mortality was equivalent to that of
open repair [29, 30]. A sustained mortality benefit was
seen in the OVER trial, which showed late mortality rates
to be significantly lower in the EVAR vs. Open groups
(7 vs. 9.8%) [7]. The sustained benefit of EVAR was also
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seen in equivalent re-intervention rates, which had also
not been reported in previous trials [7]. The persistent
mortality benefit for EVAR vs. Open and equivalent
rates of re-intervention seen in the OVER trial validates
the use of EVAR as first-line treatment for infrarenal
AAA patients. Multiple US regulatory trails have shown
positive long-term results for EVAR, with 5-year freedom
from aneurysm-related mortality at 99.2% [31].
Basic Technical Points
EVAR for infrarenal AAA with one of the FDA-approved
devices requires bilateral common femoral artery access.
After access is obtained and a flush aortogram is completed to delineate the level of the lowest renal artery, the
main body stent graft is inserted through the ipsilateral
iliac artery. The main body is positioned with the fabric
of the stent graft just below the orifice of the lowest
renal artery. The proximal main body is deployed and
the contralateral gate is allowed to open. The contralateral gate is cannulated via the contralateral iliac artery.
Once this is achieved, a contralateral iliac limb graft is
deployed and an extension may be added if needed. At
this point the ipsilateral iliac limb is deployed with an
extension if needed. Care is taken to land the iliac limbs
proximal to the internal iliac arteries, unless coverage is
planned. Post-deployment an aortic occlusion balloon
(Coda/Reliant) is utilized to angioplasty of the stent graft
to ensure good seal zones at the proximal and distal
aspects of the graft. A completion angiogram is performed to ensure adequate exclusion of the aneurysm has
been accomplished with no type I endoleaks. Variations
between all the FDA-approved grafts exist, especially
with their proprietary delivery systems, however they
all follow the same general operative steps for EVAR
with the exception of the AFX and Ovation grafts. The
AFX (Endologix) graft relies on anatomic fixation, so the
main body is deployed over the aortic bifurcation and
not at the level of the renal arteries. The graft is built up
to the level of the renals with the Vela proximal component (Endologix). Additionally, the contralateral limb is
pre-cannulated with a wire that must be snared from the
contralateral access site in order to seat the main body
during the initial deployment. The Ovation (Endologix)
graft is unique in that a polymer is utilized to obtain the
proximal seal zone, so infusion of the polymer into the
graft is required.
Percutaneous Endovascular Repair
Advances in stent-graft design have allowed for lower profile delivery systems as small as 14 Fr. Low profile delivery
sheaths in conjunction with the Perclose Proglide

suture-mediated closure device (Abbott Laboratories,
Abbott Park, IL) allow for reliable percutaneous access
for EVAR. The technique for totally percutaneous closure
for EVAR was first described in 1999, with a subsequent
article describing percutaneous endovascular aneurysm
repair (PEVAR) with the Perclose device in 2007 [32, 33].
PEVAR has been validated in a multi-center, randomized, controlled trial [34]. PEVAR is safe for sheath sizes
up to 24 Fr. PEVAR is not only reserved for uncomplicated EVAR, as thoracic endovascular aneurysm
repair (TEVAR) and fenestrated endovascular aneurysm
repair (FEVAR) can also be completed via percutaneous
access. Potential advantages to PEVAR include decreased
procedure time, earlier ambulation, reduced wound
complications, and improved patient experience. The
primary disadvantage is the potential need for urgent
conversion to open repair. The PEVAR trial reported 94%
procedural technical success for the 8 Fr Proglide for
21 Fr arteriotomy. The study confirmed non-inferiority
for the 8 Fr Proglide compared to open femoral exposure
[34]. A recent analysis of the NSQIP database showed
PEVAR resulted in significantly shorter operative time,
shorter lengths of stay, and fewer wound complications.
The same study showed a 4% rate of conversion to open
femoral artery exposure [35].
Successful PEVAR is predicated on sound technique
and appropriate patient selection. Patient selection is
based on preoperative imaging, physical exam, and the
patient’s operative history. The preoperative imaging
should be closely reviewed to delineate the common
femoral artery diameter, presence of calcification (especially on the anterior wall of the artery), and the location
of the origin of the profunda femoris artery. Relative
contraindications for PEVAR include a heavily scarred
groin, a high femoral bifurcation, small caliber femoral
arteries, and anterior calcification of the femoral arteries
[36, 37].
The PEVAR technique utilizes the 8 Fr Perclose
Proglide suture-mediated closure device (Abbott Laboratories, Abbott Park, IL), termed the “pre-close” technique
due to the fact that the Perclose devices are deployed prior
to the introduction of the endograft sheaths. Ultrasound
should be routinely utilized to obtain common femoral
artery access. After initial sheath exchanges, wire access
is maintained and the “pre-close” technique is executed.
The “pre-close” technique has been described with either
a single 10 Fr Prostar or two 8 Fr Proglide devices (Abbott
Laboratories, Abbott Park, IL). The 8 Fr Proglide device
should be preferentially utilized given the higher primary
success rates of the Proglide seen in the PEVAR trial [34].
A single 8 Fr Proglide device allows for closure of a 5–8 Fr
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arteriotomy. Two devices are required for access sites
greater than 8 Fr and up to 24 Fr. Each device deploys a
single monofilament polypropylene suture at the proximal and distal edges of the femoral artery puncture site.
The “preclose” technique requires the sequential deployment of two devices for the groin access site through
which the main stent graft is to be deployed. The EVAR is
then performed in the usual fashion. Once the EVAR is
completed, the operator utilizes the knot pusher to cinch
the pre-formed knot down onto the anterior surface of
the artery. The knots should be sequentially tightened.
If hemostasis is obtained the suture can be cut and the
wire can be removed. Should there be pulsatile bleeding
after the wire is pulled then open arteriotomy repair is
indicated. If conversion to open repair is required and
wire access has been maintained it is essential to pass the
appropriate dilator through the arteriotomy for hemostasis. The skin incision should be closed with a dissolvable
monofilament suture and skin glue.

Aortoiliac Aneurysm Repair
and Isolated Iliac Aneurysms
The management of AAAs is complicated by the presence
of concomitant common iliac artery aneurysms (CIAAs).
CIAAs can occur in approximately 20% of patients with
an AAA. In contrast, an isolated CIAA, with a quoted
prevalence of 0.03%, is a relatively rare clinical event.
A CIAA is defined by a transverse CIA diameter of
greater than 18 mm [13, 38]. The first iliac aneurysm
repair in the world was reported by Marin et al. [39].
Endovascular repair of an AAA with associated CIAA is
most commonly limited by the distal CIA neck, which is
often too large to ensure a distal seal zone. This mandates
extension of the seal zone into the external iliac artery
(EIA), leaving the internal iliac artery (IIA) covered.
The IIA requires open revascularization, open ligation,
embolization or endovascular preservation in order to
avoid a type II endoleak. SVS guidelines recommend
preservation of flow to at least one IIA during EVAR,
however bilateral IIA embolization is considered acceptable in certain anatomic situations [13]. During the
early years of EVAR, surgical transposition or bypass
of the IIA to EIA was routinely performed in an effort
to avoid complication related to pelvic ischemia [40].
Embolization has been well described both unilaterally
and bilaterally as a viable option during EVAR for aortoiliac and aortobi-iliac aneurysmal disease. Generally, it
is recommended that the IIA embolization be performed
in a staged manner. Controversy persists in the literature
regarding the true effects of IIA embolization on pelvic
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perfusion. Complications have been reported at various
rates in different studies after IIA interruption. Complications include buttock claudication, buttock necrosis,
erectile dysfunction, colon ischemia, and spinal ischemia.
Mehta et al. found 15% of patients had persistent buttock
claudication and 14% had new onset impotence after
bilateral IIA interruption [41]. One review of 22 studies
found rates of claudication ranging from 13 to 50%
and rates of impotence ranging from 11 to 45% [42].
Chitragari et al. looked at 124 studies in the vascular,
obstetrical, trauma, and oncology literature. The vascular
population within this study saw pooled complication
rates for unilateral and bilateral IIA embolization of
35.7% and 39.5%, respectively. In the same study, buttock
claudication was seen in 21% of patients, while impotence was observed in 2.7% and colon ischemia in 7%
[43]. Ligation or embolization of the IIA, when required,
should be performed proximal to the bifurcation of the
IIA into the anterior and posterior divisions. Although
it did not reach significance, interruption at the origin
of the IIA had a complication rate of 32.4%, whereas
more distal embolization had complication rates as
high as 60% [43].
Endovascular preservation of the IIA can be accomplished with “sandwich” stent grafts and more recently
with an FDA-approved iliac branch stent graft. The
remainder of this section will focus on antegrade preservation of the IIA with the FDA-approved iliac branch
endoprosthesis (IBE) (Gore) (Figure 8.6). The IBE is
composed of the same basic materials (ePTFE graft and
nitinol stents) as the Excluder (Gore) and is designed to
be used with the Excluder according the manufacturer’s
instructions for uses (IFUs). The IBE comprises two
components: the iliac branch component (Figure 8.6a)
and the internal iliac component (Figure 8.6b). the iliac
branch component is delivered via the ipsilateral femoral
artery in a 16F introducer sheath. The internal iliac
component is recommended to be delivered from the
contralateral femoral artery via a 12F flexible introducer
sheath. The iliac branch component has a proximal
diameter of 23 mm and a length of 10 cm. The distal
external iliac leg is available with diameters of 10, 12,
and 14.5 mm. The internal branch of the iliac branch
component has a length of 55 mm and a distal diameter
of 13 mm. The internal iliac component has a proximal
diameter of 16 mm and a length of 70 mm. The internal
iliac component is available in distal diameters of 10,
12, and 14.5 mm. The deployment of the IBE requires
bilateral femoral access and a femoro-femoral through
wire allows for pre-cannulation of the internal iliac gate.
The deployment steps are reviewed in Figure 8.7.
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Figure 8.7 (a) IBE (Gore) main body insertion, insertion of contralateral destination sheath. (b) Cannulation of internal iliac gate via contralateral sheath. (c) Deployment of internal iliac extension. (d) Angiogram confirming patency of primary internal iliac artery (IIA) divisions.
(e) Deployment of the external iliac artery (EIA) limb. (f) Deployment of Excluder (Gore) infrarenal endograft with contralateral limb. (g)
Completion aortogram, showing interval deployment of bridging limb extension from Excluder to IBE. (h) Completion of IBE showing patent
IIA and EIA with no endoleak present.

The initial results of the IBE have been favorable.
Millon et al. report 100% initial technical success, 100%
branch patency at one month, a single IIA occlusion at
six months, and no endoleaks noted at six months. The
single occlusion was attributed to the deployment of the
internal component stent distal to the bifurcation of the
IIA. The primary limitation of the IBE is the relatively
narrow anatomic requirements based on IFUs [44]. The
proximal common iliac diameter must be >17 mm.
The EIA and IIA landing zones must be at least 10 mm
and the diameters must be between 6 and 13.5 mm. As
demonstrated by the occlusion seen in this study, short
IIA trunks will pose a technical problem for the IBE.
The size limitations of the internal iliac component will
limit its use in IIA less than 6 mm in diameter and less
than 10 mm in length. The proximal diameter of 23 mm
will limit the use of the device in patients with isolated
iliac aneurysms and a proximal landing zone in the
CIA. One study found that up to 40% of patients may
not fit the anatomic criteria for the Cook iliac branch

device [45]. Further research regarding treating patients
outside IFUs will determine the viability of broadening the potential treatment population. Although IIA
preservation with iliac branched devices is promising,
hypogastric embolization remains a necessary adjunctive
procedure in the endovascular management of aortoiliac
aneurysms.

Endovascular Aneurysm Repair
for Rupture
Symptomatic and rAAA present a unique challenge for
the operator performing EVAR. High rates of mortality
persist to approximately 30–50% of those undergoing
repair [46, 47]. The successful endovascular management
of patients with symptomatic and rAAA requires extensive institutional and logistical coordination. Centers
that report success in EVAR for rAAA have developed
protocols which ensure rapid diagnosis and coordination
of care between the operative team and support staff [48].
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The presence of the proper personnel and equipment
for the repair, which includes an available on-shelf stock
of stent grafts, is mandatory. The availability to perform
immediate conversion to open repair (approximately 5%)
is critical [46]. Nearly 50% of EVAR cases in one study
were performed via a completely percutaneous approach
[49]. Increased utilization of EVAR for the management
of patients with rAAA (up to 34.5%) has been seen in
multiple large studies [46, 49]. Recent analysis of the
Medicare population has shown a significant increase in
utilization of EVAR for rAAA from 6% (2001) to 31%
(2008). Patients in the Medicare population treated with
EVAR for rAAA experience significantly lower rates
of perioperative and long-term mortality compared to
open repair [46]. The Immediate Management of the
Patient with Rupture: Open versus Endovascular Repair
(IMPROVE) trial showed a mortality advantage in the
EVAR group (25%) in comparison to the open group
(38%) [50].
Management of the patient during evaluation and
diagnosis is key. During this period, the principle of
permissive hypotension should be observed with a goal
systolic blood pressure of 80–100 mmHg [51, 52]. The
patient should be resuscitated with blood products and
the hospital’s massive transfusion protocol should be
initiated [53]. Coordination with the anesthesia team is
critical. Attempts should be made if possible to complete
the EVAR under local anesthesia to reduce the hemodynamic insult of general anesthesia. If general anesthesia
is required, it is recommended to gain access and have an
intra-aortic occlusion balloon in place prior to induction.
Rapid diagnosis and assessment is required to determine
the suitability of the patient’s anatomy for EVAR. In the
hemodynamically stable patient preoperative CT imaging
is essential. For ruptured and hemodynamically unstable
patients rapid deployment of an aortic occlusion balloon
allows for rapid control of hemorrhage while the stent
graft is deployed [54]. The anatomic criteria for EVAR in
the setting of rAAA are generally the same as for elective
EVAR (Table 8.1).
The utilization of EVAR for rAAA will continue to grow
as device design broadens the range of aortic anatomy
that can be accommodated and as the population of
practitioners proficient in EVAR grows. Institutional
support and coordination are crucial for reproducible
success in managing rAAA with EVAR. The operator
should develop an understanding of the unique aspects
of REVAR in order to facilitate the development of
the necessary support system that allows for successful
REVAR.
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Complex Endovascular Aneurysm
Repair
Background and Anatomy
Standard EVAR is limited to the infrarenal portion of
the aorta within the anatomic criteria delineated in the
IFU of each graft. The primary limitation is related to
neck length, with the shortest neck length that will allow
for endograft sealing being <7 mm. Some studies have
shown an increased incidence of complications when
stent grafts are utilized outside of IFUs [55]. Alternative repair options must be utilized for aneurysms that
encroach upon (<7 mm) or involve the visceral branches
of the proximal abdominal aorta. According to one study
that reviewed 3D reconstructed images of over 1000
patients, 47% of men and 63% of women have infrarenal
necks ≤15 mm [56]. By this account, a large population
of patients with aortic aneurysms will require complex
repairs.
Classifications of AAAs and TAAAs with infradiaphragmatic components are depicted in Figure 8.8.
Juxtarenal AAAs originate just below the level of the renal
artery origins. Pararenal AAAs include all aneurysms
that encompass the renal orifices, but the aorta is normal
at the level of the superior mesenteric artery (SMA).
Suprarenal aneurysms include the origins of the visceral
vessels but do not cross the diaphragm into the chest.
Type III thoracoabdominal aortic aneurysms (TAAAs)
included aneurysmal sections of the descending aorta
through the infrarenal aorta. Type IV TAAAs include
aneurysmal sections of distal thoracic aorta and visceral segment, but not the infrarenal segment. Open
repair of pararenal, juxtarenal, suprarenal, and type IV
TAAAs is a more complex operation than infrarenal
AAA repair and it carries a greater physiologic burden
for the patient. The need for suprarenal or supraceliac
clamping and visceral revascularization both contribute
to this increased complexity. The utilization of endograft
technology in complex aneurysm repair may, as EVAR
did in the infrarenal aorta, prove a viable less-invasive
long-term repair option compared to open repair. A
large prospective multi-center US trial has already shown
favorable five year outcomes for FEVAR, and retrospective studies have shown equipoise for early mortality in
FEVAR [57, 58].
The endovascular repair of complex aortic aneurysms
can now be accomplished in a variety of ways, including parallel stenting, fenestrated devices, and branched
devices. Prior to the availability of fenestrated and
branched devices, physician-modified endovascular
grafts (PMEG) were a relatively successful method
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Figure 8.8 Anatomic classification of AAAs.

utilized by a small number of practitioners to repair
AAAs not suitable for traditional EVAR [59].
Parallel Stenting
Parallel stenting techniques were developed as a means
to extend the proximal seal zones for complex aortic
aneurysms while maintaining visceral branch perfusion.
These techniques provide an alternative to fenestrated
and branch grafts, however they are not FDA approved.
The chimney or snorkel technique (Figure 8.9) involves
placing a covered stent into a visceral branch from
above and then deploying the main body endograft at a
higher level than the orifice of the visceral branch such
that the two grafts run in parallel to one another. The
snorkel technique is utilized most often to extend the
proximal seal zone above the renal arteries, however
SMA and celiac snorkels are also possible. The sandwich
technique (Figure 8.9) allows for repair of suprarenal
and TAAA aneurysms by deploying a thoracic graft
proximally and then deploying the snorkeled graft and
main body endograft within the thoracic graft. Finally,
periscopes are caudally facing parallel grafts that allow
for the extension of distal landing zones. This can be
utilized in internal iliac branch salvage. Two reviews of
parallel stent grafting in complex aneurysm repair have
shown promising outcomes with 30-day mortality rates
of 4% [60, 61]. The branch patency for visceral branches

was 95–97%. A proximal seal zone was obtained in the
majority of patients, with endoleak rates of 13–14%. For
those patients who did develop endoleaks the majority
(60–70%) were successfully managed conservatively
[60, 61].
Fenestrated Endovascular Aneurysm Repair
(FEVAR)
Fenestrated grafts are designed to extend the seal zone by
incorporating the renal arteries and possibly the SMA or
celiac artery for patients with juxtarenal and pararenal
aneurysms. Fenestrated grafts incorporate three primary
graft modifications to create discontinuity in the graft
main body and allow for visceral branch perfusion. The
only FDA-approved fenestrated device is the Zenith fenestrated endovascular graft (Cook) (Figure 8.10). For the
Zenith fenestrated device, each graft is customized based
on the patient’s anatomy and requires approximately
more than four weeks for production and delivery. IFUs
for the device include placement of the graft with a neck
of at least 4 mm and an aortic diameter measured no
larger than 31 mm and no less than 19 mm. Neck angulation is limited to 45∘ . According to the manufacturing
guidelines the Zenith fenestrated device may contain a
combined total of three scallops and fenestrations. The
type and position of the fenestrations are limited by some
design restrictions. The scallop is created by removing
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Figure 8.9 Complex EVAR repair. (a) P-branched endograft. (b) Snorkel parallel stenting. (c) Sandwich parallel stenting.

(a)

(b)

(c)

(d)

(e)

Figure 8.10 (a) Scallop. (b) Small fenestration. (c) ZFen (Cook) fenestrated piece. (d) ZFen (Cook) bifurcation main body. (e) ZFen (Cook)
fenestrated piece and bifurcation main body.
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graft material in a U-shape along the proximal edge of the
fenestrated device. Scallops can be created with dimensions 10 mm wide and 6–12 mm from the graft edge.
Fenestrations in the mid-portion of the graft body can
be small (6 mm wide × 6–8 mm high) or large (8–12 mm
in diameter). The Anaconda fenestrated graft (Vascutek,
Terumo) is currently in clinical trials in Europe and is
not FDA approved for use in the United States. European
trials for the Anaconda fenestrated graft have shown high
rates of technical success (98%) with 89% survival and
92% freedom from re-intervention at 24 months [62].
The Zenith fenestrated endovascular graft received
approval from the FDA in 2012 for the treatment
of juxtarenal aortic aneurysms. The US multi-center
prospective trial for the Zenith fenestrated graft showed a
technical success rate of 100%, 30-day mortality of 1.5%,
five year survival rate of 91%, and freedom from MAE of
79%. Secondary interventions were required in 22% of
patients. The rate of renal artery occlusion was reported
at 3% [58]. This large US trial showed FEVAR is a safe
and reliable method of juxtarenal AAA repair with a high
rate of technical success, a 91% five year survival rate,
and re-intervention rates in line with standard EVAR.
Post-approval outcomes of the Zenith fenestrated device
showed comparable results to the pre-approval trial with
a technical success rate of 100%, despite patients with
more complex anatomy and high rates of comorbidities
[63]. This study reinforced the applicability of FEVAR
in “real-world” patients and reinforced it as a viable first
option for juxtarenal aneurysm repair. A retrospective
comparison of open and complex EVAR showed favorable
30-day morbidity and mortality for FEVAR [57].
Branched Devices
Branched devices (Figure 8.11) were developed as
off-the-shelf (OTS) grafts to allow for juxtarenal,
pararenal, and type III and IV thoracoabdominal aortic
aneurysm (TAAA) repair without the need for customization and long manufacturing wait times. Branched
graft technology was initially conceptualized by Chuter
et al. [64]. Branched grafts are designed to be utilized
in complex aneurysms with downward facing visceral
vessels that come off the aorta in aneurysmal segments.
Five branched devices have been developed for clinical use and are currently in the early stages of preapproval clinical trials. The Zenith pivot branch
(p-branch) device (Cook, Bloomington, IN) and the
Ventana endograft (Endologix, Irvine, CA) were developed for use in juxtarenal and pararenal aneurysms as
an OTS alternative to customized fenestrated grafts.
The Zenith thoracic branch (t-branch) device (Cook

Figure 8.11 Branched grafts.

Medical Technologies, Bloomington, IN), Excluder
thoracoabdominal branch endoprosthesis (TAMBE)
(Gore), and Valiant thoracoabdominal graft (Medtronic)
were developed for the treatment of suprarenal and
TAAA aneurysms. None of the branched devices are currently FDA approved for use in the United States. They
are available through investigational device exemption
(IDE) trials.
The Zenith pivot branch (p-branch) device (Cook,
Bloomington, IN) allows for pararenal and juxtarenal
aneurysm repair by utilizing two pivot branches for the
renal arteries, a fenestration for the SMA, and a scallop
for the celiac artery. The p-branch device is a fenestrated graft (26–36 mm in diameter) that is composed
of polyethylene terephthalate fabric, nitinol z-stents, and
a proximal stainless-steel barbed supraceliac stent. The
device has a scallop on the proximal edge for the celiac
artery, an 8-mm strut-free fenestration for the SMA, and
two renal pivot fenestrations. The intended seal zone is
above and below the SMA fenestration, which requires at
least 4 mm from the SMA to the aneurysm. The pivoted
renal fenestrations were designed in two separate configurations, which results in approximately 49% of patients
qualifying for p-branch [65]. The p-branch delivery
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system is 20 F (OD). The distal landing zone must be
either within normal aorta ≤22 mm or extended with a
modular bifurcated device. Anatomic feasibility of the
Ventana (Endologix) graft was able to incorporate the
visceral vessels in 90% of patients in a recent study, however the rate of proximal seal was not obtained in 40% of
patients. The p-branch device was able to incorporate the
visceral vessels in 61% of patients and obtained proximal
seal in 100% of patients. The overall anatomic feasibility
of the p-branch device was higher at 49% vs. 42% for the
Ventana. The study concluded 63% of all patients with
juxtarenal and pararenal aneurysms would be candidates
for repair with one of the two devices [65].
The t-branch device (Cook), the TAMBE (Gore), and
the Valiant TAAA graft are all configured with four caudally directioned branches, which allow for the treatment
of suprarenal AAA, and type III and IV thoracoabdominal aortic aneurysms. Branched grafts are designed to
be utilized in complex aneurysms with downward facing
visceral vessels that originate off the aorta in suprarenal
aneurysmal segments. An anatomic feasibility analysis
found that >50% of the TAAA population are suitable for
the t-branch device in a single-stage procedure, with the
primary limitations being renal artery anatomy, difficult
access, and lack of proximal landing zone [66].
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Figure 8.12 Endoleaks.

Detection and Management
of EVAR Complications
Post-operative complications after EVAR include
endoleak, migration, iliac limb occlusion, infection, and
rupture. Post-EVAR complications requiring secondary
intervention occur in under 8–9% of cases [67, 68]. The
rate of rupture post-EVAR is reported at 1.2–1.8% in
two large studies [67, 69]. Significant risk factors for
rupture include type I endoleak, type III endoleak, graft
migration, and graft kinking [70]. Additional studies
have shown age >80 and rupture as the initial indication
for EVAR are also significant risk factors for delayed rupture. Mortality rates for rupture after EVAR are greater
than 60% at one year and are attributable to late AAA
expansion [69]. Late AAA expansion or sac expansion
is most often due to loss of proximal seal, related to
endoleak or graft migration. The annual rate of secondary intervention is 4.6%, with endoleaks accounting
for the most common indications for re-intervention. The
most common method of re-intervention is transfemoral
endovascular interventions at 60% [68]. Adherence to a
structured post-operative surveillance program facilitates
early detection of endoleaks and other post-operative
complications.

Endoleaks
Endoleaks (Figure 8.12) occur when there is flow into
the aneurysm sac after exclusion with EVAR and they
can be subdivided into five general categories. Endoleaks
are the most common technical or device-related complication that can occur post EVAR, with a quoted
incidence of 30.5% in a secondary analysis of the OVER
trial. The same study found that 53% of endoleaks
resolved spontaneously, while 31.9% required secondary
interventions [71].

Type I Endoleaks
Type I endoleaks result from a lack of stent-graft wall
apposition in the proximal aortic (type IA) or distal
iliac (type IB) seal zones. Type I endoleaks represent the
second most common endoleak with a relative incidence
of 12% [71]. Type I endoleaks warrant immediate repair
because they pose an increased rupture risk due to arterial pressurization of the aneurysm sac [70]. The primary
treatment strategies for type IA endoleaks include angioplasty to improve stent-graft wall apposition, stent-graft
extension with an endograft cuff, and placement of a Palmaz stent (Cordis) [72–74]. Multiple studies show high
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rates of success over 97–100% with either endograft cuff
placement or Palmaz stent placement for the treatment of
type IA endoleaks [72–74]. Other adjunctive techniques
that have been developed include embolization of smaller
proximal gutter leaks and the use of endoanchors (Aptus,
Medtronic) to secure the proximal aortic attachment site
[72]. For aneurysms that have progressed proximally, the
placement of a fenestrated graft as a cuff is also possible.
Type IB endoleaks are generally managed with limb
extension. Hypogastric embolization and extension of
the endograft limb to the EIA may be necessary to achieve
an adequate seal zone.

Type II Endoleaks
Type II endoleaks account for the vast majority of
endoleaks, with one study showing a rate of 76% of all
endoleaks [71]. Type II endoleaks are secondary to retrograde blood flow into the excluded aneurysm sac from a
patent branch vessel. The most common excluded aortic
branches that result in type II endoleaks are the lumbar
or inferior mesenteric arteries (IMA). Walker et al. concluded that there was no difference in overall all-cause
mortality or aneurysm-related mortality between patients
with type II endoleaks who underwent intervention and
those who went untreated [75]. Delayed or persistent type
II endoleaks have been shown to contribute to significant
aneurysm sac enlargement [71, 76]. Persistent controversy persists regarding the management and significance
of type II endoleaks. Currently, management should consist of close surveillance for most type II endoleaks, with
intervention reserved for patients with significant sac
enlargement, i.e. >5 mm over a six-month period or
a total increase of >10 mm [16, 77, 78]. Interventions
available for management of type II endoleaks requiring
repair include transarterial embolization, translumbar
embolization, transcaval embolization, direct thrombin sac injection, and surgical ligation of the feeding
vessel [77, 79]. Translumbar embolization of endoleaks
has been well described with cumulative technical success rates of 100% and re-intervention rates of 0–33%
[79]. Transarterial embolization for the treatment of
endoleaks has a cumulative technical success rate of
82% with a re-intervention rate of 45% [79]. Transcaval
embolization of type II endoleaks has been shown to
have high rates of technical success (96%) with no major
reported complications and low rates of re-intervention
(0–17%) [79, 80]. Direct percutaneous sac puncture
can be performed with ultrasound and cone-beam CT
guidance, however a recurrence rate of 50% was noted in
one study. In the same study, two major complications

occurred: non-target embolism and a direct puncture of
the endograft causing a type III endoleak [81].

Type III Endoleaks
Type III endoleaks can be divided into type IIIA and type
IIIB. Type IIIA is a junctional leak or disconnect between
stent-graft segments. Type IIIB is a fabric disruption. Type
III endoleaks occur in approximately 3% of EVAR patients
[68, 71]. Type III endoleaks result in full pressurization of
the aneurysm sac and increase the risk of aneurysm rupture. Repair of type III endoleaks should be performed
urgently due to risk of rupture that approaches nine times
that of other EVAR patients [70]. Treatment options are
based on the concept of re-lining the old stent graft. The
location of the leak and the configuration of the original
graft will determine the repair options that are feasible.
The original graft can be re-lined with an iliac limb, a thoracic main body graft, a new bifurcated graft or an AUI
graft [82].

Type IV Endoleaks
Type IV endoleaks are the result of fabric porosity and
will resolve in the early post-operative period. This entity
occurs in high permeability endografts and accounts for
up to 3% of all endoleaks [71, 77].

Type V Endoleaks
Type V endoleaks are a diagnosis of exclusion. A type V
endoleak is defined by continued aneurysm sac growth
after EVAR with no other endoleak present. Type V
endoleaks have been termed “endotension.” Asymptomatic type V endoleaks with no sac expansion can be
managed with observation. Patients with symptomatic
type V endoleaks or sac expansion should be re-evaluated
for another occult endoleak and undergo re-lining of the
original endograft [77].
Limb Occlusion
Iliac limb occlusion after EVAR occurs in 1.8–7.4% of
patients [83–86]. When iliac limb occlusion does occur,
it is generally within 12 months of the index procedure [83, 85]. Patients with limb occlusion can present
with either acute or subacute symptoms. Mantas et al.
found 7 of 18 (39%) patients with limb occlusion presented with acute limb ischemia, while the remaining
patients presented with claudication symptoms [84].
Subacute claudication symptoms are the most common presentation and can range in severity from mild
claudication to rest pain. Patients should be evaluated
post-operatively and at subsequent office visits with
physical exam of the lower extremity arteries to assess
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for changes in lower extremity perfusion. Ankle-brachial
index with pulse volume recording and duplex ultrasound of the iliofemoral arteries should be obtained
in patients who have new complaints of claudication
or rest pain after EVAR [13]. Patients with iliac limb
thrombosis or threatened iliac limbs (severe stenosis
or kinking) should undergo revision. Thrombosed iliac
limbs can be managed with thrombolysis and stenting or
extra-anatomic bypass (axillo-femoral, axillo-bifemoral
or femoral-femoral bypass). Femoral-femoral bypass was
found to be the most common method of revascularization in two studies, with a range of 50–78% of cases.
Thrombolysis and stenting are appropriate to attempt
in the smaller subset of patients presenting with acute
symptoms [83, 85].
Anatomic and procedural factors that predispose
to iliac limb occlusion have been defined. Carroccio
et al. showed that thrombosis was significantly more
common in patients with graft limb diameter less than
or equal to 14 mm, extension of stent graft to the EIA
[83]. Similarly, Faure et al. found that the strongest
predictors of endoleaks are landing zone in the EIA,
EIA < 10 mm, and kinking [85]. Additional studies have
shown an association between iliac artery angulation
>60, heavy calcification, and >15% endograft oversizing
[84]. If any of these factors are present at the time of the
index procedure, a policy of adjunctive stent placement
has been shown to be successful in preventing limb
thrombosis [86].
Graft Infection
Endograft infection is a rare entity, with most studies
citing rates <1%. Two recent series from high-volume
academic institutions looking at 11- and 15-year periods
of EVAR reported endograft infection rates of 0.77% and
0.6%, respectively [87, 88]. The majority of patients presented within 12 months of the index procedure [87–89].
Patients present most commonly with sepsis (72%) and
aorto-enteric fistula (56%) [87]. The most common
bacterial organisms isolated on culture include staphylococcus species, streptococcus species, Escherichia coli,
and polymicrobial species [87–89]. Patients presenting with signs of sepsis and a history of EVAR should
undergo work-up to rule out endograft infection. This
should include serial CBC, serial blood cultures, CT scan,
and WBC scan if possible. Broad-spectrum antibiotic
should be initiated with guidance from infectious disease
specialists. If aorto-enteric fistula is suspected, esophagogastroduodenoscopy is reasonable to identify the area of
fistulization. CT scan is useful to identify signs of graft
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infection, including gas collecting around the endograft.
WBC scan can help localize an infection to the endograft.
A comprehensive review of all attempts at endograft
preservation was completed by Moulakakis et al. and
showed high mortality rates, including an early mortality
rate of 50% in patients undergoing antibiotic therapy
alone and a 41% early mortality rate for patients undergoing a stent-graft preserving procedure (drainage,
debridement, and/or sac irrigation) [89]. The high mortality rates seen in graft preservation attempts (44–50%)
compared to early mortality rates of 4% in one study
and late (>30 day) mortality rates of 21–39% for excision with reconstruction support a strategy of excision
and reconstruction [87–89]. Patients diagnosed with
stent-graft infection should be informed of the high mortality associated with graft infection. The presence of an
aorto-enteric fistula significantly increases this mortality
rate. In one study, patients with an aorto-enteric fistula
had a 24-month mortality rate of 60%; compared to 38%
in patients with endograft infection alone [87]. If the
patient is deemed a surgical candidate, the patient should
undergo excision of the endograft with either in situ
reconstruction or extra-anatomic bypass. In situ reconstruction can be performed with a rifampin-soaked graft,
femoral vein or cryopreserved graft. An early mortality
rate of 4% and a late mortality of 21% was seen with this
approach [88]. Generally, patients who are considered
high risk should be offered an extra-anatomic bypass.

Post-Operative Care: Surveillance
Post-operative surveillance of EVAR patients is critical
for the long-term success of the endograft repair. The
potential for late complications is significant for patients
who have undergone EVAR. The primary concern is the
development of late graft-related complications, such
as endoleaks, sac expansion, graft migration, and limb
occlusion. A structured post-operative surveillance program will allow for timely diagnosis and intervention.
Immediate post-operative examination should include
a thorough physical exam. Evaluation of all access sites
and lower extremity pulses should be performed [13].
Additionally, ankle-brachial indices with pulse volume
recordings of the lower extremities should be performed
in cases where the stent-graft limbs are extended to the
external iliac arteries [90]. Early recommendations for
surveillance protocols based on trial designs are for CT
scans at 1-, 6-, and 12-month intervals and then annually.
The necessity for, and potential risks associated with,
repeated CT scans has come into question [91]. The
two primary modalities utilized during post-operative
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surveillance include ultrasound and triple-phase CT
scan. Multiple studies have confirmed the accuracy of
ultrasound for detecting endoleak and sac expansion
[91, 92]. The 2009 SVS practice guidelines recommend
triple phase CT-angiogram at 1- and 12 months post
EVAR. If there is no endoleak or sac expansion detected
on triple phase CT-angiogram at one year some studies
have suggested that all subsequent surveillance can be
performed with ultrasound [90]. Surveillance should
be continued lifelong due to the known history of late
presentation of endoleaks and graft migration [16, 93].

Conclusion
Since the start of the “endo-revolution” in aortic
aneurysm repair nearly 30 years ago in the USSR
(Volodos) and Argentina (Parodi), constant technological development has improved patient outcomes and
expanded the initial limitations of EVAR to include not
only infrarenal aneurysms, but also pararenal, thoracoabdominal, and thoracic aneurysms. Advancements in
graft design allow for lower profile delivery systems and
the development of PEVAR. Branched devices, currently
in trials, will allow for the repair of aneurysms originating in the aortic arch and type IV TAAAs. In the
future specialists will have access to approved grafts to
repair the full extent of the aorta from the innominate to
EIA. EVAR has revolutionized the care of patients with
aortic pathology by providing a less invasive, yet durable
method of aortic repair.
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CHAPTER 9

Aortic Dissection: Urgent Endovascular
Treatment
Ratna C. Singh and Evan C. Lipsitz
Division of Vascular and Endovascular Surgery, Montefiore Medical Center, Albert Einstein College of Medicine, Bronx, NY, USA

Introduction
Aortic dissection is a life-threatening condition that is
associated with high morbidity and mortality. Prompt
diagnosis and management are required in order to
achieve optimal outcomes. This chapter reviews the
classification, etiology, pathophysiology, diagnosis, management, and outcomes with particular focus on the
endovascular treatment.

Deﬁnition
Simply put, acute aortic dissection is a tear in the intimal
layer of the aorta leading to separation of the wall layers
and creation of a false lumen along a given length of the
vessel that may compress the true lumen. Due to pressurized pulsatile blood flow in the false lumen, the tear
may further propagate circumferentially and/or longitudinally along the aorta proximally, distally, or both. The
dissection may extend into the medial layer and/or the
aortic branches (arch, visceral, lower extremity) causing
end-organ dysfunction.

Classiﬁcation
Aortic dissections are classified temporally, anatomically,
and functionally. Dissections are classified temporally
as acute, subacute, or chronic based on time from onset
of symptoms and location of intimal tear. Dissections
are considered acute within two weeks of initial onset
of symptoms, subacute between two and four weeks,
and chronic if past that period. This is an artificial
classification system.

Two classification systems are used to classify dissections anatomically based on the location of intimal
tear and extent of distal extension (Figure 9.1). The
DeBakey classification categorizes aortic dissections into
four types. In Type I, the entry tear originates in the
ascending aorta and extends into the descending aorta.
In Type II, the entry tear originates and is confined to
the ascending aorta. In Types IIIa and b, the entry tear
originates immediately distal to the left subclavian artery.
In Type IIIa, the dissection extends into the descending
thoracic aorta, while in Type IIIb, the dissection extends
into the abdominal aorta.
The Stanford classification classifies aortic dissections
based on the location of the intimal tear. Type A originates in the ascending aorta, while Type B originates in
the descending aorta.
Patients with Type A Stanford dissections require
urgent surgical intervention due to high mortality from
complications associated with untreated disease, including occlusion of arch branches, intrapericardial rupture
leading to cardiac tamponade, and extrapericardial rupture. Patients with Type B dissections may predominantly
be managed with medical therapy, except in cases with
end-organ dysfunction.
Acute dissections can be complicated or uncomplicated. Complicated dissections are characterized by
malperfusion syndromes. These may present as visceral,
renal, extremity, or spinal cord ischemia, rupture or
impending rupture, refractory hypertension, persistent
abdominal or chest pain, or expansion to the aortic arch
or proximal descending aorta with a total diameter of
4.5 cm or greater. Urgent treatment is applied in the
setting of acute or subacute complicated dissections.
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Figure 9.1 Schematic diagram showing the DeBakey and Stanford classifications of aortic dissection. Source: Conrad and Cambria [1].

The chronic phase is generally characterized by clinical
stability and maturation of the flap, which becomes
thicker and less pliable.

Epidemiology
The incidence of acute aortic dissection is estimated to
be 2.9–3.5 per 100 000 persons [2]. It is most frequent
between the ages of 40 and 70 and predominantly seen in
males (4:1 male-to-female ratio) [2]. The incidence is also
higher in those patients with collagen vascular diseases
(e.g. Marfan syndrome, Ehlers-Danlos syndrome, etc.)
where it presents at a much younger age [2].

Risk Factors
The most common risk factors for aortic dissection are
male sex, poorly controlled hypertension, advanced age,
prior cardiac surgery, and structural abnormalities of the
aortic wall (e.g. bicuspid aortic valve, aortic coarctation,
and chromosomal abnormalities) [3, 4]. Other risk factors
include chronic obstructive pulmonary disease, pregnancy (especially when associated with pre-eclampsia),
and cocaine and methamphetamine abuse [2].

Etiology/Pathophysiology
Although much has been speculated about the cause
of aortic dissections, little is known about the precise

pathology of the inciting event. Weakening of medial
collagen and elastin fibers within the aortic wall known
as cystic medial necrosis has been implicated in the
development of aortic dissections [5].
A dissection is believed to occur when the intraluminal wall stress exceeds the aortic wall strength. Dissections tend to occur at the peaks of aortic wall stress, i.e.
sinotubular junction in Type A dissections and distal to
the origin of the left subclavian artery ostium in Type B
dissections [6].
As noted above, the intimal tear may propagate in both
antegrade and retrograde directions. Fenestrations in the
flap occur between the true and false lumens and usually
occur at origins of branch vessels. A few factors have been
predictive of false lumen dilatation in chronic Type B dissections such as persistent flow in the false lumen, a large
false lumen diameter relative to the size of the true lumen
diameter, smaller proximal tear size, and lack of a distal
tear [7, 8].
It is not clear whether the inciting event is the formation of an intimal flap causing hemorrhage into, and
separation of, the medial layers or whether it is disruption of the vasa vasorum leading to hemorrhage into
the media. To this extent, aortic dissections along with
two similar pathological entities, intramural hematoma
(IMH) and penetrating atherosclerotic ulcers (PAUs),
represent a spectrum of disease known as acute aortic
syndrome (Figure 9.2). The entity that is usually referred
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Figure 9.2 Variant forms of aortic dissection: typical dissection, penetrating aortic ulcer, and intramural hematoma of the aorta.
Source: Reprinted with permission. Elefteriades 2008 [9].

to as a classic dissection is a double-barrel aorta, in which
both the true and false lumens are patent [10].
IMH refers to hemorrhage within the aortic wall
without evidence of an intimomedial flap and is thought
to be a result of disruption of the vaso vasorum. It may
be considered a precursor to the classic dissection as
the hematoma may expand inward causing a tear in the
intima and allowing blood to dissect along the aorta
[10]. In general, one-third of IMH remain the same,
one-third resolve, and one-third progress to “typical”
aortic dissections [11].
PAU is present when there is ulceration in the
aortic wall caused by rupture of an atheromatous
plaque through the internal elastic lamina, with subsequent localized medial disruption and formation of a
blood-containing sac within the aortic wall. This may
evolve to resemble an IMH or dissect along the extent of
the aorta resembling a classic dissection [10, 12].
Incidentally discovered IMH and PAU in asymptomatic
patients may have a benign course. However, symptomatic IMH and PAU have a high incidence of rupture
at initial presentation (38% and 26%, respectively) [11].

Diagnosis
Patients most commonly present with sudden onset of
severe chest or back pain. Those with Type A dissections
more commonly report anterior chest pain while those
with Type B dissections more commonly report back or

abdominal pain. The pain is usually described as sharp,
and sometimes ripping or tearing, with radiation to back,
neck, or abdomen. Patients are generally hypertensive,
and symptoms may correlate with blood pressure. In
Type A dissections with coronary involvement or tamponade, or in ruptured Type B dissections, patients may
be hypotensive. The pain may wax and wane, sometimes with complete resolution of symptoms. A small
percentage of patients have no reported pain [10].
Other nonspecific complaints such as nausea, vomiting,
bloody diarrhea, diaphoresis, or dyspnea may be present.
Manifestations of malperfusion syndrome depend on distribution of the affected vessels. Patients may present with
signs and symptoms of stroke if carotid/vertebral arteries
are involved or those of myocardial infarction if coronary
arteries are involved. They may present with abdominal
pain or oliguria if the visceral vessels or renal arteries are
involved or with painful, pulseless, and cool extremities if
the brachiocephalic, left subclavian arteries, distal aorta,
or iliac arteries are involved. If the intercostal/segmental
arteries are obstructed, resulting in spinal cord ischemia,
patients may present with paraplegia or quadriplegia [10].
The physical exam should focus on the assessment
of the patient’s hemodynamic stability and signs of
impending cardiovascular collapse. Although physical
exam is not sensitive enough to rule out an acute aortic
dissection, some signs significantly raise the likelihood
that a dissection is present, i.e. pulse deficits, blood pressure differential of at least 20 mmHg (LR 5.7), or focal
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neurological deficits (LR 6.6–33) [13]. Hypotension,
jugular venous distention, pulsus paradoxus, or diastolic
murmur of aortic regurgitation may indicate possible
aortic root or pericardial involvement and should prompt
emergent diagnostics and definitive treatment.
Given the relatively low incidence and nonspecific
nature of symptoms, acute aortic dissection is only
correctly diagnosed in 15–43% of patients upon initial
presentation [14]. However, acute aortic dissection carries a high mortality rate if not recognized and treated in
a timely manner.
Definitive diagnostic imaging should be performed
rapidly to confirm or exclude acute aortic dissection.
Computed tomography angiography (CTA), transesophageal echocardiogram (TEE), and magnetic
resonance angiography (MRA) have similar pooled
sensitivity (98–100%) and specificity (95–98%) [15].
CTA is the gold standard due to its rapid and
widespread availability along with the ability to visualize and delineate the anatomy required to plan repair
if indicated. CTA should be performed from neck to
femoral vessels using thin cuts to allow for the creation
of accurate three-dimensional reconstructions. Delayed
views may also allow for improved assessment of false
lumen filling and flow patterns. However, CTA requires
the use of potentially nephrotoxic contrast and ionizing
radiation and does not have the ability to assess aortic insufficiency. MRA is highly accurate and does not
require the use of ionizing radiation, but is not usually
widely available and requires a long time for image
acquisition. TEE is a good alternative in patients who are
critically ill and/or hemodynamically unstable due to its
portability, speed, and good sensitivity and specificity.
However, it requires a certain training and expertise that
may not be widely available.
Adjunctive studies such as electrocardiogram and
chest X-ray should be obtained to rule out other etiologies. Chest X-ray findings associated with aortic
dissection include abnormal aortic contour, pleural
effusion, displaced intimal calcification, and widened
mediastinum.
Several biochemical markers such as smooth muscle myosin heavy chain, elastin, and plasma D-dimer
have been studied as indicators to rule out acute
aortic dissection, but none have gained widespread
usage [10].

Natural History
The majority of morbidity and mortality in acute aortic
dissection results from rupture of the false lumen or

organ malperfusion. Acute Type A dissection, if left
untreated, has a mortality of up to 1% per hour, 50% at 72
hours, 75% at two weeks, and 90% at three months. The
overall in-hospital mortality for acute Type B dissections
is reported to be 11% and may be as high as 71% for
patients with complicated dissections [3, 10]. Aortic
ruptures are often fatal and occur in approximately 8%
of Type A dissections and 4% of Type B dissections, and
represent the number one cause of death in patients with
Type B dissections [16].
Mechanisms for malperfusion due to Type A aortic
dissections include severe aortic valvular insufficiency,
in which the false lumen undermines the aortic valve
commissures, and coronary artery ischemia, in which the
false lumen extends into one of the coronary trunks. Both
are indications for immediate open repair. Malperfusion
is the second leading cause of death from acute Type B
aortic dissections [17].
Ischemic complications may also occur and are either
directly related or unrelated to coverage by the dissection
flap. Those related to coverage by the dissection flap may
be either static (flap enters origin of artery) or dynamic
(flap covers origin of artery) (Figure 9.3). Those unrelated
to coverage are caused by emboli, in situ thrombosis, or
thrombosis distal to the obstruction flap.
A partially thrombosed false lumen in patients with
Type B aortic dissection is associated with increased
aortic growth rate and operative mortality, while complete thrombosis of the false lumen has beneficial
prognostic value. Therefore, in the setting of partial
false lumen thrombosis patients may require more
intensive follow-up and earlier prophylactic aortic
intervention [18].
Although patients with acute uncomplicated Type B
aortic dissection can be managed medically, a significant
number (42–50%) will go on to aortic related morbidity
and mortality such as aneurysmal degeneration and further dissection, especially those with patent false lumen
and an aortic diameter ≥40 mm [19].

Management
In order to minimize progression and the potential
for complications, prompt diagnosis and treatment are
essential. A high index of suspicion should be maintained. Patients complaining of sudden onset chest, back,
or abdominal pain should be placed on cardiac monitoring and started on supplemental oxygen. Intravenous
and arterial access, labs, EKG, and chest X-ray should be
obtained immediately.

CHAPTER 9 Aortic Dissection

T

F

103

patients with uncomplicated Type B dissections, but may
exacerbate malperfusion in patients with complicated
Type B dissections.

Endovascular Therapy

(a)

F

T

(b)
Figure 9.3 Diagram of branch vessel ischemia. (a) Dynamic obstruction. The intimomedial flap bows across the true lumen (arrow)
and obstructs flow into the branch vessel. (b) Static obstruction.
The dissection extends into the branch vessel and may thrombose
(arrowheads), causing stenosis of the vessel origin. F, false lumen;
T, true lumen. Source: Courtesy of Radiology Key.

Medical Management
The mainstay of medical treatment for uncomplicated
Type B aortic dissection is anti-impulse and antihypertensive combination therapy. Pain, heart rate, and
hypertension (preferably with β-blockers followed by
calcium channel blockers) must be treated aggressively,
with some authors citing goals of heart rate <60 beats per
minute and systolic blood pressure <100 mmHg in the
absence of any malperfusion [20].
The goals of initial medical treatment are to stabilize
hemodynamics, minimize the extent of the dissection,
reduce intimal flap mobility, and decrease the risk of
rupture. In patients with hemodynamic instability,
actions must be taken to resuscitate and stabilize them,
including blood pressure support with crystalloid and
colloid and ventilator support with tracheal intubation.
Attempts must be made to move such patients to the
operating room as soon as possible for definitive treatment. Control of hypertension may relieve symptoms in

Although there are investigational endovascular devices
under evaluation and available on an experimental
basis outside the United States, standard open repair of
Type A dissection remains the standard of care and is
usually life-saving. However, there is no consensus on
the indications for and timing of operative treatment
of acute uncomplicated Type B dissections and these
must be individualized. Factors that correlate with future
aneurysmal degeneration, such as aortic size, size of true
and false lumens, status of false lumen, and several other
factors, play an important role in the decision making.
Indications for operative treatment in acute, complicated Type B dissections include end-organ malperfusion,
refractory pain despite adequate anti-impulse and antihypertensive therapy, rapidly expanding false lumen,
active bleeding, impending rupture or frank aortic
rupture, or aneurysmal dilation in a region of aortic dissection (>5.5–6 cm). Endovascular treatment has been
described for the treatment of malperfusion and/or for
preventing rupture by excluding the false lumen [21].
As noted above, cross-sectional imaging is critical
for planning procedures to delineate features such as
contrast extravasation or contained rupture, length of
dissected aorta, location of intimal tears, anatomic relation of the true and false lumens, distribution of critical
branches, the relation of the dissection flap to critical
branch origins, evidence of malperfusion, and evaluation
of vascular access [22].
Vascular access, either open or percutaneous, is generally obtained via both groins. The true lumen of
the vessel should be accessed in order to facilitate the
rest of the procedure. Maintaining true lumen access
throughout the length of wire placement is essential and
can be accomplished by leading with a formed pigtail
catheter that will lessen the chance of crossing into the
false lumen and allow for the injection of contrast puffs
during advancement to ensure true lumen positioning.
Intravascular ultrasound (IVUS) is also helpful for confirming true lumen orientation and the exact location of
branches and potentially fenestrations [23]. Occasionally,
access via brachial or axillary arteries may be required
for further imaging or deployment of occluding devices
(Amplatzer plug) or stents in branch arteries. Since wires
may inadvertently pass through intimal tears, confirming
location is of utmost importance prior to deploying any
stents or stent grafts [22].
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Figure 9.4 Endovascular stent graft in Type B dissection. Cartoon demonstrating the typical features of Type B dissection with flow in both

the true and the expanded false lumen resulting from a major proximal entry tear (left). A stent graft was placed to scaffold the dissected aorta
and to seal the entry to the false lumen, resulting in reconstruction of the true lumen with subsequent false-lumen thrombosis (right). Levels
were defined as (A) at the sinotubular junction, (B) at the center of the arch between truncus brachiocephalicus and left common carotid
artery, (C) at the level of the maximum aortic diameter, and (D) at the hiatus. Source: Nienaber et al. 2009 [24].

Principles of treatment include coverage of primary
entry tear thereby isolating the false lumen from perfusion causing its thrombosis and preferential flow
into the true lumen (Figure 9.4), coverage of any large
re-entry tears, preservation of flow in branches, and aortic
re-modeling. Of course, the size, number, and location of
intimal tears affect the treatment strategy and response.
The optimal extent of coverage of the aorta remains
unclear with longer stent grafts likely to be more effective
for achieving thrombosis of the false lumen, but likely
with increased risk for malperfusion and paraplegia [22].
Thrombosis of the false lumen adjacent to the stent graft
occurs in 70–80% of patients at one year after treatment
of acute Type B dissection [25].
With exclusion of the acute entry tear, the false lumen is
depressurized and may collapse as the endograft expands.
If the false lumen is largely thrombosed and does not contract, the endograft may continue to exert force against the
intimal flap overlying the thrombus [22].
Endograft selection and sizing is dependent on various
factors, including long-term stability and safety of the
endograft and size of the aorta to prevent migration or
further tearing when the flow dynamics in the aorta
change after the true lumen re-expands and the false
lumen contracts. For example, contrary to oversizing of
the graft as employed while treating aneurysmal disease,
endografts for treatment of dissections should be sized

more precisely to match the size of the aorta because
the goal is coverage of the intimal tear. Oversizing in
endovascular aneurysm repair is necessary to insure fixation in the proximal and distal seal zones. In addition, it
may be advisable to avoid overlapping graft components
in the small distal true lumens seen in many dissections.
Other considerations should include aortic anatomy
(arch types) and graft characteristics such as flexibility, high hoop strength, and low radial force. Current
endografts which were designed for the treatment of
aneurysms have now received indications for treatment of aortic dissections. However, these have several
shortcomings, including sustained patency of the false
lumen flow and pressurization in the thoracoabdominal
segment. This is especially true in the presence of the
distal re-entry points despite successful sealing of the
thoracic entry tear, thus setting the stage for late complications. The PETTICOAT (provisional extension to
induce complete attachment) as a primary or adjunctive
measure to a primary stent graft involves extended bare
stent scaffolding of the dissection beyond the stent graft
and down to the distal aorta allowing for fixation and
preservation of flow to all abdominal side branches [26].
Treatment options for branch artery obstructions
related to the dissection flap vary depending on whether
the obstruction is static or dynamic. In static obstruction, in which stenosis is caused by the dissection
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Figure 9.5 (a) Type B aortic dissection depicted detailing the anatomy. The cross-sectional images of the aorta and branch vessels correlate to

the images seen on intravascular ultrasonography (IVUS, catheter not shown). In this figure, the primary entry tear is situated in the proximal
descending thoracic aorta. The dissection flap distal to this shows evidence of collapse of the true lumen with dynamic obstruction of the
celiac and superior mesenteric arteries. In these vessels, the dissection does not extend into them but rather occludes them by intermittent
obstruction of the flap during the cardiac cycle. In contrast, the left renal artery shows evidence of dissection without re-entry in the course of
the branch vessel. In this branch, there is formation of a thrombus in the left renal artery false lumen, which in turn causes a static obstruction
and renal malperfusion. (b) After IVUS examination coupled with initial angiography of the arch to determine great vessel origin, the access
vessels are cannulated. The wire position is typically maintained in the ascending aorta throughout the procedure. Note that it is important
to ensure true lumen placement of both wires to avoid the catastrophic complications of false lumen stent-graft deployment or of dissection
extension to Type A. Finally, the stent graft is situated in the correct site and deployment is begun. (c) Completion aortography demonstrates
accurate deployment and elimination of flow via the entry tear. IVUS examination of the remaining non-treated aorta confirms resolution of
dynamic obstruction. F, false lumen; SMA, superior mesenteric artery; T, true lumen. Source: Reprinted with permission. Patel and Williams
2009 [28].

flap or hematoma extending into the branch artery, a
self-expanding stent can be used to reduce flap mobility
within the branch lumen. Technical success may approach
90% in reducing the gradient [27]. However, restoration
of blood flow to multiple branches due to extensive
obstruction can cause collapse of the true lumen. IVUS
may prove invaluable in this process (Figure 9.5) [22].
In dynamic obstruction, several branches are usually
involved simultaneously as the dissection flap prolapses
across the origins of the branch arteries and the true
lumen is collapsed. Treatment involves reducing the flap
and restoring constant perfusion to the branches, usually
by deploying an endograft across the entry tear, diverting
blood flow into the true lumen and collapsing the false
lumen. If obstruction persists, stenting into the branch
vessel may be employed (Figure 9.5) [22].

If the true lumen is unsuitable for endograft placement,
another treatment strategy is fenestration, which involves
creating a tear in the dissection flap using IVUS and
fluoroscopic guidance near the critical affected branch
arteries in order to equalize the pressures between the
true and false lumens. Several devices have been used
to create the tear, including different types of needles or
wires, which are poised perpendicular to the flap and
pushed through it in a controlled fashion. A catheter is
then advanced over the needle or wire. The fenestration
is subsequently dilated with an angioplasty balloon,
resulting in a transverse tear in the aorta permitting
interluminal blood flow and equalization of pressures
between the true and false lumen. Alternatively, the “scissors technique” may be used in which stiff guide wires are
inserted into each lumen from a single femoral access,
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and a single long sheath is advanced over the two wires,
thus dividing the membrane over this distance [29].
Yet another technique involves passing a wire between
the two lumens through the tear and snaring the wire
from the contralateral femoral access. The wire is then
pulled on both ends, making an upside-down “U” toward
the distal aorta and creating a longitudinal fenestration
with communication between the true and false lumens
along the length of the aorta. The latter two techniques,
however, have the potential risk of intimal dehiscence
and embolization of the flap.
Fenestration should ideally be performed within 24–48
hours before the dissection membrane becomes fixed and
the clot becomes organized in the false lumen. Caution
is advised as there is potential for dramatic and unpredictable alternations in the flap anatomy and flow dynamics with aggressive fenestration. In addition, since the false
lumen remains pressurized, the effects of fenestration on
long-term outcomes with respect to false lumen expansion and progression to aneurysmal dilatation are poorly
characterized [22, 30].
Local thrombosis of the false lumen in the descending
aorta may cause narrowing of the thoracic aorta. Deploying a suitable self-expanding stent may be complicated
by further false lumen thrombosis both proximally and
distally. Creating a fenestration at the leading edge of the
thrombosis can arrest further propagation due to local
turbulence at the tear. An additional consideration when
placing a stent graft in a small true lumen is the further
luminal narrowing resulting from the presence of the
pleated graft material [22].
Another scenario occurs when the dissection flap lies
across a branch artery but does not enter it, or it enters the
branch but does not re-enter the true lumen. This process
can cause the true lumen of the branch artery to thrombose distal to the obstructing flap, which may be complicated by distal embolization upon endograft deployment.
These complications are treated by standard angiographic
interventions [22].
Pharmacologic thrombolysis is relatively contraindicated in the setting of acute dissection, but local
mechanical thrombolysis or pulse-spray thrombolysis using tissue plasminogen activator (tPA) may be
employed if required [22].

especially if presenting with an unstable false lumen or
malperfusion because the flap is rigid. Although, as noted
above, a dissection is arbitrarily classified as chronic after
four weeks of onset, there is no consensus on when the
false lumen is incapable of remodeling. Treatment by
covering re-entry tears may compromise perfusion to the
branches supplied by the false lumen [22].
There is considerable debate regarding endovascular
intervention of uncomplicated Type B dissections. Proponents argue that in the long-term, aneurysmal expansion
of the false lumen and other complications may occur
and that intervention may improve long-term outcomes
by favorably influencing the relationships of the true
and false lumen and obliterating anatomy that would
otherwise contribute to late morbidity and mortality
[31]. False lumen thrombosis occurs at a much slower
rate after stent grafting for chronic dissection as the false
lumen remains patent via re-entry tears of the dissection septum near the origins of the visceral and renal
vessels [32].
The INvestigation of STEnt Grafts in Aortic Dissection
(INSTEAD) Trial was the first randomized controlled
trial comparing optimal medical therapy alone and thoracic endovascular aortic repair (TEVAR) along with
optimal medical therapy in survivors of chronic (versus
subacute) uncomplicated Type B aortic dissection. The
initial results showed that TEVAR with optimal medical
therapy failed to improve two-year survival and adverse
event rates despite favorable aortic remodeling, however
improved long-term five-year aorta-specific survival and
delayed disease progression were noted. Therefore, in
patients with uncomplicated Type B dissections with suitable anatomy, preemptive TEVAR should be considered
to improve late outcomes [24, 33].
The Acute Dissection Stentgraft OR Best Medical
Treatment (ADSORB) Trial was the first randomized
controlled trial comparing optimal medical therapy
alone and TEVAR along with optimal medical therapy
in patients with acute uncomplicated Type B aortic dissection. One-year results suggested that endovascular
treatment was safe in acute Type B dissections, and
favorable remodeling with thrombosis of the false lumen
and reduction of its diameter induced by the stent graft
was noted [34, 35].

Chronic Type B Dissection

Coverage of Left Subclavian Artery

Indications for the urgent treatment of chronic Type
B dissection include expanding/ruptured thoracic aortic aneurysm (TAA). Chronic Type B and proximally
repaired Type A dissections pose another challenge,

Due to the anatomical constraints of the thoracic aorta as
described above with peak wall stress, dissection patients
commonly have little to no distance from the left subclavian artery origin to the intimal tear of Type B dissection.
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Therefore, coverage of the left subclavian artery may be
required to achieve adequate seal and is usually well tolerated [36].
Management of the left subclavian artery in Type B
dissections remains controversial. Some studies suggest
that left subclavian artery coverage is associated with an
increased risk of stroke, paraplegia, and arm ischemia.
Although attempts at preoperative or simultaneous
revascularization of the left subclavian artery may be
performed for TEVAR for chronic Type B dissection or
elective TEVAR for other aortic pathologies, it is not recommended in treatment of acute Type B dissections [37].

Spinal Cord Protection
Spinal cord ischemia remains an important complication
in open surgical and endovascular stent graft repair of
aortic dissections. Risk factors for spinal cord ischemia
include extent of aorta covered (especially if over 25 cm),
open surgical repair, prior distal aortic operations, coverage of the left subclavian artery, hypogastric artery
occlusion(s), and perioperative hypotension. Maintaining adequate spinal cord perfusion by increasing arterial
pressure, lumbar cerebrospinal fluid drainage, and reattachment of segmental arteries are selectively employed
to reduce the risk of spinal cord ischemia.

Complications of Endovascular
Treatment
Endovascular interventions can result in dramatic
changes in the aortic anatomy and branch vessel perfusion. As such, several complications may occur, including
retrograde dissection into the ascending aorta, tearing
and intussusception of the aortic intimal flap, and collapse
of the true lumen with new obstruction of branch arteries. These complications must be recognized (via contrast
imaging/angiography, IVUS, or TEE) and managed
immediately to prevent devastating outcomes [22].
The incidence of retrograde Type A dissection is
approximately 1–2% during endovascular repair of
Type B dissections and 1–20% during follow-up with
mortality rates up to 40% regardless of treatment [38].
Major complications including stroke, paraplegia, renal
failure, and death may occur and have been reported in
5–40% of patients [22, 39, 40]. Paraplegia rates are generally low at less than 3% [39]. Re-intervention rates for
stent-graft migration, endoleak, aneurysmal expansion,
and retrograde dissection ranged from 19% to 33% [41].
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Several endovascular-related complications also exist,
including access site complications, contrast administration, radiation exposure, and need for surveillance and
re-interventions. Moreover, there is no dedicated endograft for repair of aortic dissections.

Open Surgical Repair
The main open surgical options for Type B aortic dissection include replacement of the proximal descending thoracic aorta and surgical fenestration. The former is the
preferred method of treatment for those with Type B dissections related to genetic syndromes described above.
Surgical fenestration involves wide resection of the septum of the dissection by opening the aorta longitudinally
and is reserved for malperfusion that cannot be treated
with endovascular intervention.
Other adjunctive open procedures, such as aortic
debranching, aorto-visceral bypass, aortofemoral bypass,
femoro-femoral bypass, and axillo-femoral bypass, can
be performed depending on the pattern of malperfusion.
Although there are no randomized controlled trials, an
endovascular approach, whenever feasible, may be preferred compared with an open surgical approach for treating complicated Type B aortic dissection. Retrospective
studies have shown favorable mortality rates for endovascular repair compared to open repair [2, 42].
The less invasive nature of endovascular treatment
seems to provide better in-hospital survival in patients
with acute Type B dissection. The advantages of endovascular repair include obviating the need for thoracotomy,
aortic cross-clamping or circulatory arrest, less physiologic disruption, fewer transfusions, and decreased rates
of paraplegia per length of aorta treated.

Surveillance
Surveillance is essential in the management of Type B
aortic dissection. Patients with and without endovascular
repair require lifelong surveillance due to the increased
risk of developing late complications. In medically managed uncomplicated Type B dissections, CTA imaging
should be repeated if the patient presents with any of the
above-mentioned symptoms. Although there are no randomized trials, in those without any symptoms imaging
should be repeated in three to six months to assess for
false lumen expansion. For patients undergoing endovascular intervention imaging is generally performed at 1,
6, and 12 months and yearly thereafter. This regimen is
highly dependent on the clinical scenario and should be
individualized.
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Management of Acute Aortic Syndrome
Rajesh Malik, Michael Siah and Edward Y. Woo
Division of Vascular Surgery, MedStar Health, Georgetown University Hospital, Washington, DC, USA

Introduction

Causes

Acute aortic syndrome (AAS) consists of a constellation of
potentially life-threatening pathologies that include aortic
dissection (AD), intramural hematoma (IMH), and penetrating aortic ulcer (PAU). They represent a collection of
inter-related pathologies that occur due to the degeneration of the aortic wall. This results in increased aortic wall
stress, predisposing the aorta to rupture. Debate remains
as to whether these are distinct pathologies or if they also
represent a spectrum of temporal presentations within the
same disease process.

The etiology of AAS is expansive (Table 10.1).
Moderate to severe hypertension is a universal risk
factor for AAS. Connective tissue disorders may also
predispose patients to these pathologies. Cocaine also
may increase the risk of AAS due to its effects on blood
pressure.

Pathology
The aortic wall consists of three layers: the innermost
intima, followed by the media and adventitia. The vasa
vasorum provides the vascular supply for the arterial wall
and courses within the adventitia. AAS involves a breach
in one of the layers of the aortic wall. IMH develops
from rupture of the vasa vasorum, which causes bleeding
into the medial layer of the aorta. IMH can progress to
aortic dissection through the development of an initial
entry tear in the aortic intima. This tear in the intimal
layer of the aortic wall allows for flow antegrade and
occasionally retrograde to form a complex spiral cleavage
of the intima (Figure 10.1). This is the most common
pathologic manifestation of AAS. The location of the tear
most often occurs at the ligamentum arteriosum, just
distal to the left subclavian artery where the aorta is relatively fixed. The space that is created between the intima
and the remaining wall is termed the false lumen. A PAU
is a focal defect in the elastic lamina of the aortic wall
that leads to medial disruption and serves as a potential
source of IMH or aortic rupture.

Epidemiology
AAS has an incidence of 30 million cases per year, owing
in part to its most common risk factor being hypertension
[1]. Population-based studies suggest that 6000–10 000
cases occur annually in the United States [2–4]. AAS
occurs more frequently in men with an approximate
65% predominance and generally affects individuals in
their sixth decade [5, 6]. The most common subtype of
AAS is aortic dissection, constituting 80% of the overall
pathology. IMH and PAU are responsible for 15% and 5%
of the cases annually, respectively. The true incidence of
AAS is imprecise, given that there are a number of individuals that die from this pathology prior to diagnosis.
Despite this, new imaging techniques have resulted in an
increased recognition of this pathology [3].

Clinical Presentation
The most common symptom associated with AAS is acute
onset chest and/or back pain, identified in 94% of patients
presenting this pathology. Patients with AAS involving
the ascending aorta more commonly present with syncope, whereas those with AAS involving the descending
aorta more commonly present with abdominal pain
[7, 8].
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Figure 10.1 Layers of arterial wall.

Table 10.1 Etiology of acute aortic syndrome.
Long-standing hypertension
Connective tissue disorders
• Marfan syndrome
• Ehlers–Danlos syndrome
• Bicuspid aortic valve
Vasculitis
• Giant cell arteritis
• Takayasu arteritis
• Behçet’s disease
• Syphilitic aortitis
Smoking
Dyslipidemia
Illicit drug use
• Cocaine/crack
Deceleration trauma
Iatrogenic

Lab Features
There has been extensive investigation in identifying lab
abnormalities and biomarkers that can aid in the rapid
diagnosis of AAS. Despite this, at the present time there
are no diagnostic lab tests for AAS. D-dimer level elevations have been shown to occur in the first 24 hours of aortic dissection onset, however if the level is <500 mg ml−1 ,
it is associated with a negative predictive value of 95% [9].
Furthermore, D-dimer elevations have not been shown
to be associated with PAU or IMH. Given this, there is
little role in the utility of D-dimer testing in the workup
of AAS.

Imaging for AAS
The individual pathologies that constitute AAS cannot be
differentiated on clinical examination. This, in addition
to the time-sensitive morbidity and mortality of AAS,
makes the rapid diagnosis of suspected aortic pathology
essential. Diagnosis of AAS requires a high index of
suspicion when individuals present with acute onset
retrosternal pain radiating to the back. Today, the diagnostic imaging modality of choice for AAS is multi-slice
computed tomography (CT) and magnetic resonance
angiography (MRA). Other modalities include invasive
angiography and echocardiography. The International
Registry of Acute Aortic Dissection (IRAD) recommends
the diagnostic modalities of choice for the diagnosis
of aortic dissection to be CT scan, followed by transesophageal echocardiography (TEE), angiography, and
magnetic resonance imaging (MRI) [10].
The ideal imaging modality confirms the diagnosis of
AAS and provides anatomic information, including the
presence of aneurysms or concomitant pathologies associated with rupture such as pericardial, pleural, or mediastinal fluid collections.
CT
CT provides a readily accessible modality to evaluate aortic pathologies with a sensitivity and specificity upwards
of 95% in the diagnosis of AAS [10]. Not only does
CT provide the ability to image the entire aorta, it also
provides information on the location of potential intimal
tears, thereby anatomically defining the pathology, as
well as visualizing the branch vessels, their origins, and
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can hint at impending aortic rupture and directly guides
the treatment algorithm for the patient (Figures 10.2
and 10.3).
CT scanning also allows for the differentiation of IMH
and PAU from aortic dissection. IMH occurs due to the
rupture of the aortic vasa vasorum, which causes weakening of the aortic wall and manifests on a CT scan as a
crescentic area of minimal enhancement in the absence of
intimal tears (Figure 10.4).
PAU is more commonly found in older patients
with a marked aortic atherosclerotic burden. The primary etiology of PAU is inflammation in the setting of
atherosclerosis, whereby a progressively strained aortic
wall experiences a rupture of a pre-existing atherosclerotic plaque. This process ruptures the internal elastic
lamina, allowing blood to penetrate into the media of
the aortic wall in the absence of an intimal flap. PAU is
classically described on CT as an extramural pocket of
contrast outside the aortic wall in the setting of a highly
calcified aorta [10–12] (Figure 10.5).

Figure 10.2 Sagittal view of Type B aortic dissection with dissection

flap distal to the left subclavian artery.

their potential involvement in aortic dissection. In aortic
dissection, visualization of the arch branches and visceral
vessels as well as the common femoral and iliac arteries is
critical in determining the degree of true lumen perfusion
which has implications on overall prognosis.
Anatomic information garnered from interpretation
of the CT can also provide information on surrounding
structures. The presence of pericardial or pleural effusion

MRA
MRA provides high-resolution imaging that also has the
ability to comprehensively visualize the aorta. It provides
anatomic information such as the degree of intimal flap
thickness and intramural pathologies that can aid in
anatomic classification. Like CT, it provides accurate
information with sensitivity and specificity upwards of
95% [10–13]. Unlike CT, MRI does not require the use of
iodinated contrast or radiation. Multiplanar reconstruction techniques of MRI imaging allow the clinician to
see how the aortic pathology interacts with surrounding
structures and, coupled with the use of contrast, can
provide the ability to visualize the degree of branch

Figure 10.3 Axial view of true and false lumen in Type B aortic dissection.
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Figure 10.4 IMH – crescentic area of low attenuation along the lateral aspect of aortic wall.

Figure 10.5 PAU – evidence of ulcer-like projection due to rupture

of atherosclerotic plaque into the media of the descending thoracic
aorta.

vessel involvement. Furthermore, delayed-phase imaging
techniques may provide more accurate visualization
of the false lumen, which can be overestimated on CT
[13]. Despite this, there is a concern over the use of
gadolinium-based contrast in individuals with impaired
renal function and the resultant development of nephrogenic systemic fibrosis. Even without the use of contrast
MRI is the most accurate technique in the diagnosis of
AAS. Despite this, it is not a technology that is readily
available in most hospital and emergency departments
[10]. Furthermore, it is time-consuming and is also
contraindicated in individuals with cardiac pacemakers
or defibrillators, in addition to other implantable metallic
devices.

Echocardiography
Echocardiography provides a rapid means of assessment
in the diagnosis of aortic dissection. Unlike CT and MRI,
it can be done quickly at the bedside, does not require the
administration of contrast, and can identify intimal flaps
diagnostic of aortic dissection.
Transthoracic echocardiography (TTE) can also
provide information about structures affected by AAS.
For example, TTE can, in real time, demonstrate the
function of the aortic valve, as well as the presence
of pericardial fluid collections or cardiac wall motion
abnormalities. Despite this, it does not offer the same
ability to image the entirety of the aorta as sonographic
windows afforded through TTE can only evaluate the
proximal 4–8 mm of the ascending aorta just distal to
the sinotubular function [10]. In the absence of any
pathology, TTE can rule out AAS of the ascending aorta,
however it does not exclude involvement of the aortic
arch or descending aorta. This is evidenced as TTE has a
sensitivity of 78–100% in the diagnosis of Type A aortic
dissection, but only 31–55% in Type B aortic dissection
[10]. Overall, it maintains a sensitivity of 59–83% and a
specificity of 63–93% when compared to other modalities
in the diagnosis of AAS. Given that TTE has the capacity
to fail to diagnose AAS in the acute setting, it is not the
imaging modality of choice and should only be used to
evaluate complications of AAS after the diagnosis has
been made.
TEE is another modality of echocardiography used
in the diagnosis of AAS. Unlike all the other forms of
imaging discussed, it requires endotracheal intubation
for image acquisition. TEE is able to provide useful
information in the diagnosis of AAS, however like TTE,
it serves as an adjunctive imaging modality to assess
adjacent structures affected by the underlying aortic
pathology, namely the presence of aortic insufficiency,
pericardial effusion or tamponade, involvement of coronary circulation, and wall motion abnormalities. The use
of color Doppler can also identify fenestrations and true
and false lumen interaction.
Classiﬁcation of Aortic Dissection Based
on Imaging
There are two classification systems that are widely used.
DeBakey classification delineates both the entry tear and
the extent of the dissection (Figure 10.6).
Type I. Dissection originates in the ascending aorta
and extends into the descending or abdominal
aorta.
Type II. Dissection is confined to the ascending aorta.
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Figure 10.6 Classification of aortic dissection.

Type IIIa. Dissection originates and ends in the descending thoracic aorta.
Type IIIb. Dissection involves the descending aorta and
extends into the abdominal aorta or beyond.
The Stanford classification described by Daily et al. simplifies the classification based on the location of the entry
tear. This classification is as follows:
Type A (TAAD). Entry tear originates in the ascending
aorta.
Type B (TBAD). Entry tear originates distal to the left
subclavian.
The classification system is important because it directs
immediate treatment that may be required. Any dissection that involves the ascending aorta requires prompt
open surgical intervention with ascending graft replacement and possibly additional arch replacement.
Type B dissections can be further classified into complicated and uncomplicated based on the presence of
end-organ malperfusion, impending rupture, hypotension, or shock. In this chapter we focus on acute Type
B dissections, which are defined as within two weeks of
event.

Treatment
Optimal treatment depends on timely diagnosis. Intravenous antihypertensives are key for all patients presenting with AAS, particularly in those with aortic dissection
to reduce flap mobility and propagation, which is associated with increased morbidity and mortality. We routinely admit patients with AAS to the ICU for observation.
We will focus our discussion on the management of AAS
involving the descending thoracic aorta, as at this time
management of ascending aortic pathologies is optimally
managed with open surgical repair.

Medical Management of AAS
The overall management of AAS can be broken down into
two phases: acute and chronic. The medical management
of chronic AAS is beyond the scope of this chapter.
The general concepts of the management of AAS
include intensive monitoring and blood pressure normalization to prevent involvement of the ascending aorta
or visceral vessels, as well as aortic rupture. The primary
etiology of AAS is related to underlying hypertension, as
71% of patients presenting have systolic blood pressures
>150 mmHg [14–16] at presentation. Given this, the
management of blood pressure is paramount in the initial
stages of AAS management. Several societal guidelines
have been published over the last 15 years in an effort
to propose evidence-based recommendations for the
management of this disease process (European, Asian,
USA). Ultimately, the overall consensus in the initial
management of AAS is achieved through the utilization
of intravenous antihypertensives with a target systolic
blood pressure of 100–120 mmHg and a heart rate from
60 to 80 beats per minute. These are not steadfast rules, as
appropriate consideration of the patient’s baseline blood
pressure must be accounted for, and the maintenance
of cerebral and coronary perfusion supersedes arbitrary
numerical cutoffs.
The optimal regimen includes the use of intravenous
β-blockade given that they effectively reduce the ejection
force of the left ventricle, thereby decreasing the velocity and frequency of ventricular contraction [14–17].
These effects work to limit dissection propagation and
minimize aortic wall stress. Commonly used β-blockers
used in the management of AAS include metoprolol,
propranolol, esmolol, and labetalol. In patients with a
history of β-blocker intolerance, bronchial asthma or
presenting with bradycardia, esmolol is an option to test
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the patient’s reaction given its short half-life compared to
other β-blocker alternatives.
Occasionally, patients cannot tolerate β-blockers or
require more than one antihypertensive to achieve
blood pressure control. In addition to β-blockers,
non-dihydropyridine calcium channel antagonists,
such as verapamil or diltiazem, have been used. Care
should be taken given that these medications may
potentiate tachycardia. Additional medications include
sodium nitroprusside, nicardipine, nitroglycerin, and
fenoldopam. Opiate medications can also be used for
pain control in the setting of AAS.

Caveats in Management of PAU
Although the natural history of PAU remains debated,
potential sequelae include aortic rupture, dissection,
and aneurysm formation. Incidentally found PAU in
the absence of symptoms has generally been managed
conservatively. The initial management of patients found
with PAU involves medical management to decrease
cardiac afterload and β-blockade to minimize shear stress
on the aorta. The utility of β-blockade in the management of AAS has been shown to decrease mortality
from 95% to 67%, highlighting the importance of these
medications in the management of PAU [14–17]. In
symptomatic patients, intravenous analgesic agents can
aid in controlling chest and back pain.
However, given the capacity for progression or rupture,
urgent repair is recommended for the management of
PAU in symptomatic patients [18]. This is likely due to
the pathophysiology of the process as PAU forms due
to the ulceration of an atherosclerotic plaque into the
intima, creating a hematoma within the aortic wall. As
this progresses, the involvement of the adventitia results
in aneurysm formation, as well as contained or free aortic
rupture. In particular, PAU affecting the thoracic aorta
is particularly malignant, as Patel et al. demonstrated a
potential rupture risk as high as 42% [19]. At the present
time there are no formal, evidence-based guidelines for
the management of PAU, yet it is reasonable to treat
PAU given the catastrophic consequences of this pathology left untreated. Thoracic aorta endovascular repair
(TEVAR) is a proven and safe therapeutic option for
PAU [19].

Caveats in Management of Dissection
The initial management of aortic dissection involves
prompt administration of antihypertensives. Complicated dissections warrant intervention to alleviate the
end organ malperfusion. Options for treatment are open
surgical versus endovascular. Historical reports of open

surgical repair of aortic dissection are associated with
a higher morbidity compared to modern results with
endovascular therapies. Moulakakis et al. performed a
retrospective analysis of articles published from 2006 to
2013 and examined acute complicated aortic dissections,
examining 2531 patients treated with endovascular repair
(TEVAR). The pooled rate for 30-day/in-hospital mortality was 7.3% [20]. A total of 1276 patients underwent open
surgical repair and the pooled rate for 30-day/in-hospital
mortality was 19.0%. Studies reviewed by Mussa et al.
reported 30-day or in-hospital mortality for Type B acute
aortic dissection of 0–27% (median, 7%) for medical
treatment, 13–17% (median, 16%) for open surgical
procedure, and 0–18% (median, 6%) for TEVAR [21].
The goal of treatment with an endovascular stent-graft
placement is to seal the entry tear and minimize pressurization of the false lumen. This leads to decreased
mobility of the intimal flap, increased true lumen size,
and, over time, positive aortic remodeling.
There is debate about management of uncomplicated
Type B aortic dissection. There are documented risk
factors that may increase risk of aortic complications,
including aortic diameter in proximal descending aorta
>4 cm, patent false lumen >22 mm, and large single entry
tear >1 cm on admission imaging [8]. Fattori et al. looked
at 1129 patients from the IRAD and saw that in-hospital
mortality was similar in patients managed with endovascular repair (10.9% vs. 8.7%, P = 0.273) compared with
medically managed patients. Among adverse events
during follow-up, aortic growth/new aneurysm was most
common, occurring in 73.3% of patients with medical
therapy and in 62.7% of patients after TEVAR, based on
five-years Kaplan–Meier estimates. Kaplan–Meier survival estimates showed that patients undergoing TEVAR
had a lower death rate (15.5% vs. 29.0%, P = 0.018) at five
years. Fattori et al. concluded that TEVAR is associated
with lower mortality over a five-year period than medical therapy for Type B aortic dissection [22]. Stronger
support for endovascular treatment of uncomplicated
Type B dissection comes from the long-term results of
the Randomized Investigation of Stent Graft in Aortic
Dissection trial (INSTEAD-XL). This showed that the
risk of all-cause mortality (11.1% vs. 19.3%; P = 0.13),
aorta-specific mortality (6.9% vs. 19.3%; P = 0.04), and
progression (27.0% vs. 46.1%; P = 0.04) after five years
was lower with TEVAR than with optimal medical treatment alone. TEVAR with optimal medical treatment was
associated with improved aortic-related five-year survival
and delayed disease progress [23].
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Endovascular Technique for AAS
As stated previously, the role of preoperative imaging is vital in planning for repair. At our institution,
pre-intervention computed tomography angiography
(CTA) is critical as it provides information on overall
aortic size, in addition to information on the presence
of true and false lumens as well as fenestrations between
the two. Our indications for treatment are complicated
dissections, symptomatic PAUs, or dissections/IMH with
high risk factors on CTA, as mentioned in the previous paragraph. Furthermore, visualization of the access
vessels, as well as their involvement in the dissection,
and the presence of underlying atherosclerotic disease
can dictate how we decide to perform our repair. There
are many goals in endovascular treatment in AAS. In
complicated TBAD the objective would be to seal the
entry tear, which would reduce the compression of the
true lumen and relieve end-organ malperfusion. Obviously if there is a rupture associated with a complicated
TBAD, then the goal would be complete cessation of
flow in the false lumen, which can be difficult to achieve
with purely endovascular technique. In both complicated and uncomplicated TBAD we are trying to achieve
thrombosis of the false lumen and aortic remodeling
with time.
It is important in planning to look at the proximal and
distal landing zones of the stent graft. In our practice we
almost always plan to land a stent graft proximally in
Zone II of the thoracic aorta (Figure 10.7). As mentioned
earlier, most of the pathology originates just distal to the
ostium of the left subclavian and it is imperative to attempt
to seal in healthy aorta. For this reason we perform left
carotid subclavian bypasses on all elective/semi-elective

Z1 Z2
Z0

Figure 10.7 Ishimaru classification for arch zones.
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cases. There is enough data to support selective bypass
and it is not mandatory in all cases. Absolute indications
for carotid subclavian bypass include a patent LIMA
bypass, or an arteriovenous (AV) access in the left arm.
Emergent cases are usually performed without the bypass
and then followed clinically for arm ischemia. Distally we
try to exclude all disease, but in a true Type B dissection
this may be difficult as the dissection flap may extend
beyond the visceral vessels. In this situation we plan to
land distally close to the level of the celiac artery. We perform our TEVARs in a dedicated hybrid operating room
equipped with intravascular ultrasound (IVUS) as well as
readily accessible and available requisite wires, catheters,
grafts, and stents. The procedure is done in conjunction
with a dedicated cardiac anesthesia team under general
anesthesia. We routinely have lumbar drains placed and
institute invasive neuromonitoring to maximize spinal
cord perfusion and obtain information intraoperatively
on spinal cord perfusion via motor and sensory evoked
potentials.
If the access vessels are over 7 mm and with minimal disease we routinely do these cases percutaneously.
Prior to the introduction of large sized sheaths, we
utilize the “pre-close” technique utilizing two Proglide
suture-mediated closure devices deployed at 10 and
2 o’clock. For diseased access vessels, we perform either
a femoral cutdown or retroperitoneal exposure of the
common iliac artery and access under vision. Following
this, we perform IVUS to allow for direct visualization
of the aorta and the true and false lumens in conjunction with active fluoroscopy. By using IVUS, we can
confirm that treatment wire traverses across the true
lumen (Figure 10.8). In addition to this, IVUS can also
locate the orifices of the visceral and arch vessels, the
compression of the true lumen in a dynamic phase, as
well as confirm aortic size measurements taken from
preoperative imaging. If treating a true dissection, this
is a mandatory step as it can help prevent a devastating
complication.
From the contralateral groin, a pigtail catheter can
be inserted and used to perform an arteriogram of the
aortic arch to confirm locations of the arch vessels. At
this time, endograft sizing can be made and a device can
be selected. In our practice, we oversize our endograft
10–20% more than the proximal landing zone aortic area
(for dissections, we stay on the lower limit of oversizing).
In the setting of a penetrating aortic ulceration, the
proximal land zone must be 2 cm proximal to the first
portion of healthy aortic tissue. The graft is delivered over
a Lunderquist double-curved wire (Figure 10.9).
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from the false lumen, then we again try to extend a covered stent from the true lumen into the ostium of the vessel. This is frequently seen in our practice with the left
renal artery. An IVUS is reinserted following completion
to see a change in flap mobility and size of the true lumen.
Once the procedure has been completed the large
access site is closed first. If closing percutaneously we
always take a completion angiogram after closure of the
access site from the contralateral access. We then perform
radial access guided embolization of the proximal left
subclavian if this has not already been performed during
the carotid subclavian bypass procedure.
The patient is then woken and a neurological exam
is performed and documented. They are subsequently
extubated and transferred to the ICU for management.
Spinal cord pressures are kept below 10 mm and we allow
drainage of 15cm3 of cerebrospinal fluid (CSF) per hour.
The MAPs are maintained in the 90–100 range until the
drain is clamped and removed, which usually occurs
between 24 and 48 hours post-procedure.
If there is significant aneurysmal degeneration/rupture
on presentation of a TBAD, then the repair can be
complicated, requiring a combination of open and/or
endovascular technique. The goal in this situation would
be complete cessation of flow in the false lumen.
Patients are then routinely imaged after discharge to
monitor for aortic remodeling or degeneration in other
areas.

TL

FL

Figure 10.8 IVUS catheter within true lumen of TBAD with evi-

dence of true lumen compression and dynamic intimal flap. TL, true
lumen; FL, false lumen; orange arrow, contralateral access wire; blue
arrow, intimal flap separating TL and FL.

Following the deployment of the endograft, we do not
perform ballooning of fixation sites given the concern for
propagating proximal aortic dissection. Once the devices
are deployed the patient’s mean arterial pressure (MAP)
is maintained above 90–100 mmHg. We then image the
proximal fixation area and perform arteriography from
multiple views to visualize persistent false lumen perfusion. In a fair number of cases we are able to see fenestrations at the level of the ostia of the visceral vessels. If
possible we attempt to seal these fenestrations by extending a balloon-mounted covered stent from the true lumen
into the desired vessels. If the vessel exclusive originates

(a)

(b)

Complications
Even after successful deployment of an endograft,
adverse events can still occur in the intraoperative and
post-operative periods. Complications following TEVAR
are stroke, paraplegia, peripheral vascular injury, and
death [24]. Access site complications are most common
and can be minimized by careful preoperative planning.

(c)

(d)

Figure 10.9 (a) Positioning of stent graft with PAU depicted by arrow. (b) Angiogram post-placement with coverage of PAU and left subclavian

artery. (c) Access angiogram after removal of large access. (d) Left subclavian embolization.
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If there is a complication this may necessitate open or
endovascular repair of the complication. There is also
potential for retrograde dissection involving the great
vessels and ascending aorta, which would require open
surgical repair.
In addition to this, post-operative kidney injury due
to contrast, as well as renal failure, has been shown to
occur in patients with underlying renal dysfunction [25].
In the setting of left subclavian coverage, patients should
also be monitored for the development of upper extremity
ischemia.

Conclusions
Patients with different pathologies of AAS present in a
similar fashion. Pain is the most common presenting
symptom. Rapid diagnosis, imaging, and treatment are
important in improving outcomes with AAS. Medical
management should be instituted immediately upon
diagnosis while waiting to evaluate surgical options.
TEVAR has significantly improved outcomes in the
treatment of AAS and has been shown to be safe. Despite
this major advancement, patients require close monitoring during the post-operative period as a variety of
complications from treatment can occur. Additional
study is required in the treatment of AAS to continue
improving our strategies to diagnose, treat, and manage
these patients post-operatively.
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Summary
Patients with uncontrolled renovascular hypertension
despite maximal medical therapy, ischemic nephropathy,
and cardiac destabilization syndromes who have hemodynamically obstructive renal artery stenosis are likely
to benefit from renal artery stenting. Screening for renal
artery stenosis can be done with Doppler ultrasonography, computed tomographic angiography, and magnetic
resonance angiography. Currently the technical success
for renal stenting (>97%) exceeds the percentage (∼70%)
of patients benefitting from the procedure. Physiologic
measurements such as hyperemic/resting translesional
gradients are useful to confirm the severity of renal
hypoperfusion and therefore improve the selection of
patients likely to respond to renal artery revascularization. Experienced operators should perform renal
interventions in order to minimize complications. Radial
access should be preferred to avoid access related complications. Primary patency of well-placed bare metal stents
exceeds 80% at five years and surveillance for in-stent
restenosis can be done with periodic clinical, laboratory,
and imaging follow-up.

Introduction
Atherosclerotic renal artery stenosis (RAS) has been
identified as an independent predictor of death in
patients with coronary artery disease [1]. However, the
cause-and-effect relation between RAS and mortality
remains unproven. It is possible that the presence of RAS
is a marker for more diffuse or extensive atherosclerosis,
which would result in more vascular-related deaths.

However, patients who improve their renal function
after percutaneous renal artery stent (PTRAS) placement
have significantly better survival rates compared with
those whose renal function does not improve [2]. When
selecting patients for PTRAS, clinical, anatomical, and
physiologic data should be considered to optimize the
benefit of revascularization.
RAS is the single largest cause of secondary hypertension, affecting 25–35% of patients with secondary
hypertension [3], is associated with progressive renal
insufficiency, and causes cardiovascular complications
such as refractory heart failure and flash pulmonary
edema. Understanding the underlying pathophysiologic
mechanisms, clinical manifestations, and medical or
revascularization treatment strategies are necessary to
optimize outcomes for RAS patients. A critical issue is
the appropriate patient selection for revascularization
procedures.

Clinical Syndromes Associated
with RAS
Renovascular Hypertension
Renin-angiotensin-aldosterone system (RAAS) activation occurs with both unilateral and bilateral (or solitary)
kidney hypoperfusion. This leads to sodium retention,
secondary hyperaldosteronism, vasoconstriction, and
adverse left ventricular remodeling. In unilateral RAS,
the ischemic kidney secretes renin, causing increased
angiotensin formation and increased blood pressure.
As blood pressure rises, sodium excretion by the contralateral kidney increases; therefore, there is no sodium
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retention or subsequent volume overload. With bilateral
(or solitary) RAS, the lack of compensation from a
normal kidney leads to fluid retention, loss of kidney
function, and heart failure.
Resistant or refractory hypertension due to RAS is
defined as blood pressure above goal on three different
classes of antihypertensive medications, ideally including
a diuretic drug [4]. Patients with resistant hypertension
should be evaluated for secondary causes of hypertension. Studies of refractory hypertension commonly reveal
a high prevalence of previously unrecognized renovascular disease, particularly in older patient groups. In
patients older than 50 years of age who were referred to a
hypertension center 13% had a secondary cause of hypertension, the most common of which was renovascular
disease [5].
RAS is a common finding in hypertensive patients
undergoing cardiac catheterization suspected of having
atherosclerotic coronary artery disease. In a population
of veterans with hypertension referred for coronary
angiography more than 20% of patients were found to
have hemodynamically significant RAS (>70%) [6]. In a
series of 1089 renal arteries in 534 patients undergoing
angiography with either uncontrolled hypertension or
flash pulmonary edema, 19% were found to have significant RAS at the time of coronary angiography that
required revascularization [7].
Current American College of Cardiology (ACC)/
American Heart Association (AHA) guidelines and
the Society of Coronary Angiography and Intervention
(SCAI) peripheral arterial disease (PAD) Appropriate

Use Criteria [8] recommend PTRAS for patients with
significant RAS and resistant hypertension or in patients
with hypertension and medication intolerance (Class IIa,
LOE B and Appropriate).
Ischemic Nephropathy
RAS is a potentially reversible form of renal insufficiency.
As many as 11–14% of patients starting dialysis have
ESRD that is attributable to RAS [9]. Favorable predictors
of improvement following revascularization include a
rapid decline in renal function, worsening of renal function due to angiotensin converting enzyme inhibitors
(ACEIs) or angiotensin receptor blocker (ARB) treatment, absent glomerular or interstitial fibrosis on kidney
biopsy, kidney pole-to-pole length >8.0 cm, and the
absence of proteinuria [10]. In 73 patients with chronic
renal failure (estimated glomerular filtration rate [eGFR]
<50 ml min−1 ) and clinical evidence of RAS treatment
with PTRAS demonstrated improvement in renal function in 34 of 59 patients (57.6%). The most important
predictor of improvement was a rapid progression of
their renal failure [11].
The current AHA/ACC guidelines [12] and the SCAI
Appropriate Use Criteria for renal artery stenting [8] recommend PTRAS for patients with ischemic nephropathy
if they have progressive chronic kidney disease (CKD)
due to bilateral RAS (Class IIa, LOE B and Appropriate),
progressive CKD with RAS to a solitary functioning
kidney (Class IIa, LOE B and Appropriate) or CKD
with unilateral RAS (Class IIb, LOE C and May Be
Appropriate).

Symptoms after renal artery stenting in patients
presenting with UA/CHF
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Figure 11.1 Improvement in cardiac destabilization syndromes after renal artery revascularization. Source: Khosla et al. 1997 [67].
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Cardiac Destabilization Syndromes
The most widely recognized example of a cardiac destabilization syndrome is “flash” pulmonary or Pickering syndrome [13]. RAS causing uncontrolled hypertension and
volume retention may destabilize patients with heart failure or acute coronary syndromes.
The importance of renal artery revascularization in
the treatment of cardiac disturbance syndromes has been
described in a series of patients presenting with either
congestive heart failure (CHF) or an acute coronary syndrome [14]. Successful PTRAS resulted in a significant
decrease in blood pressure and symptom improvement
in 88% (42 of 48) of patients. For those patients who
presented with unstable angina, renal artery stenting
improved the Canadian Cardiovascular Society (CCS)
symptoms by at least one class regardless of whether
concomitant coronary intervention was performed. In
patients presenting with heart failure, the New York Heart
Association (NYHA) Class of symptoms improved by at
least one class independent of coronary revascularization
(Figure 11.1). Among 207 patients with decompensated
heart failure, 19% had severe RAS and underwent PTRAS
resulting in a decreased frequency of CHF admissions,
flash pulmonary edema, NYHA Class symptoms, and
tolerance to ACE inhibitors [14].
The current AHA/ACC guidelines [12] and the SCAI
PAD Appropriate Use Criteria recommend PTRAS for
RAS with recurrent, unexplained heart failure decompensation, or sudden unexplained pulmonary edema
(Class I, LOE B and Appropriate) and for hemodynamically significant RAS and medically refractory unstable
angina (Class IIa, LOE B and Appropriate).

Diagnostic Testing
Doppler Ultrasound Evaluation
Renal artery Doppler ultrasound (DUS) carries a sensitivity of 97%, specificity of 81%, and negative predictive
value of 95% for the detection of significant RAS [15]. The
accuracy of this technology is highly dependent on the
skill of the technician performing the examination and
allowing adequate time for each examination.
In a native renal artery, a peak systolic velocity (PSV)
>180 cm s−1 has a 95% sensitivity and 90% specificity
for significant RAS. When the ratio of the PSV of the
stenosed renal artery to the PSV in the aorta is >3.5, DUS
predicts >60% RAS with a 92% sensitivity [16]. DUS
also allows follow-up of stent patency in patients that
have undergone PTRAS, but the DUS criteria for native
RAS overestimates the degree of angiographic in-stent
restenosis (ISR) due to loss of compliance of the artery
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after stent placement. Surveillance monitoring for renal
stent patency should take into account that PSV and
RAR obtained by DUS are higher for any given degree of
arterial narrowing within the stent. PSV >395 cm s−1 or
RAR >5.1 were the most predictive of angiographically
significant ISR >70% [17].
DUS can be performed without risk to the patient,
there is no iodinated contrast or ionizing radiation
required. The main limitations for DUS include unsatisfactory exams due to overlying bowel gas or large body
habitus. DUS may not identify accessory renal arteries.
Finally, there is a requirement for a skilled sonographer
who is allowed enough time to perform the examination.
Resistance Index (RI)
The resistance index (RI), which is an adjunctive measure
obtained during renal DUS, is the ratio of the peak systolic
to end diastolic velocity within the renal parenchyma at
the level of the cortical blood vessels. The RI represents the
amount of small-vessel arterial disease (nephrosclerosis)
within the renal parenchyma. Some authors report that
the RI can be used to stratify patients according to how
likely they are to respond to renal intervention. However,
data on the ability of the RI to predict treatment response
in patients with RAS are conflicting [18, 19].
In a series of 81 patients, an elevated RI (>80) was
associated with a lower probability of improved blood
pressure or renal function after revascularization, compared with an RI of less than 80 regardless of treatment
strategy (percutaneous transluminal angioplasty [PTA]
or open surgery) [20]. This study was, however, retrospective and without prespecified endpoints, and
the results have not been duplicated in other reports.
A prospective study of renal stent placement in 241
patients demonstrated that individuals with an elevated
RI (>80) achieved a favorable blood pressure response
and renal functional improvement at one year after renal
arterial intervention [18]. Another series demonstrated
that patients with the most abnormal RI values experienced the greatest magnitude of benefit from PTRAS
[19]. Until more information becomes available, an elevated RI should not be considered a contraindication to
performing renal artery revascularization.
Computed Tomographic Angiography (CTA)
Computed tomographic angiography (CTA) can provide
high-resolution cross-sectional imaging of RAS while
supplying 3D angiographic images of the aorta, renal, and
visceral arteries allowing localization and enumeration
of the renal arteries, including accessory branches [21].
Sensitivity (59–96%) and specificity (82–99%) of CTA
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for detecting significant RAS compares well with invasive
angiography [22]. CTA requires the administration of
100–150 ml of iodinated contrast and therefore carries
the potential risk of contrast induced nephropathy (CIN)
especially in patients with eGFR <60 ml/1.73 m2 , diabetes mellitus or anemia [23]. Additionally, computed
tomography (CT) requires the use of ionizing radiation.
However, as CTA scanner technology advances, spatial
resolution will improve, scanning time will decrease,
the administered contrast load may be reduced, and the
amount of radiation will be decreased [24]. Additionally, iso-osmolar contrast media are now available with
decreased potential for nephrotoxicity [25]. CTA allows
following patients with prior stents to detect ISR, an
advantage over magnetic resonance angiography (MRA)
in which metallic stents generate artifact [22].
Magnetic Resonance Angiography (MRA)
This imaging modality allows localization and enumeration of the renal arteries and characterization of the
stenosis. When compared to invasive angiography it has
a sensitivity between 92% and 97% and specificity of
73–93% for detection of RAS [26]. MRA does not require
exposure to ionizing radiation or iodinated contrast
material. Limitations for MRA include the association
of gadolinium with nephrogenic systemic fibrosis when
administered to patients with eGFR <30 ml/1.73 m2 and
metal causes artifacts on MRA, therefore it is not a useful
test for patients with prior renal stents. Other patients
who are not good candidates for MRA include those
with claustrophobia or those with implanted ferromagnetic medical devices (e.g. artificial joints, permanent
pacemakers) [27].

Treatment Strategies
Medical Management of RAS
Optimal medical management of atherosclerotic vascular
disease involves blood pressure control, lipid-lowering
therapy, an antiplatelet agent, and lifestyle advice, including dietary counseling, smoking cessation, and physical
activity. Historically, the use of ACEIs or ARBs was
contraindicated in this patient group owing to concerns
of worsening renal function. Concerns with RAAS antagonists in this patient group are probably overstated, and
observational studies have shown improved outcomes
using this class of medication, perhaps due to interruption on many pathophysiologic processes described
above. When utilized prospectively, RAAS antagonists
were tolerated in 357 of 378 patients (92%), and this was
even seen in 54/69 (78.3%) patients with bilateral RAS

(>60%) or occlusion [28]. A subsequent observational
study with 3750 patients with renovascular disease found
53% were taking RAAS antagonists and these patients
had significantly lower risk of the primary outcome
(death, myocardial infarction, or stroke) (hazard ratio
[HR] 0.70; 95% confidence interval [CI] 0.53–0.90) [29].
The limitation of observational data is the selection bias,
and those able to tolerate RAAS antagonists may have less
severe disease and could have better outcomes anyway.
Those patients who cannot tolerate medical therapy
(MT) tend to have more extensive disease and are likely
to benefit from revascularization [12]. Despite the lack of
randomized trials, there is consensus that RAAS antagonists may be used in patients with RAS; however, they
should be carefully monitored and introduced slowly.
Lipid-lowering therapy is widely accepted as an important treatment for all atherosclerotic vascular disease
[30]. In a retrospective study, statin therapy was associated with lesser rate of progression of renal insufficiency
(7.4% vs. 38.9%) and lower overall mortality (5.9% vs.
36.1%), P < 0.001 for both, with a mean follow-up of 11
years, suggesting the need for prospective randomized
controlled studies in renovascular disease patients in
order to explore potential benefits of statins that may not
be attributable solely to lipid lowering [31].
The use of antiplatelet agents and smoking cessation
in patients with RAS has the same benefits as in other
forms of atherosclerotic disease, including peripheral
and coronary artery disease. The recently published Cardiovascular Outcomes in Renal Atherosclerotic Lesions
(CORAL) trial investigated the benefit of an initial strategy of medical therapy versus an initial strategy of PTRAS
plus medical therapy in patients with hypertension and
RAS. All patients received, unless contraindicated, the
angiotensin II type-1 receptor blocker candesartan, with
or without hydrochlorothiazide, and the combination
agent amlodipine–atorvastatin, with the dose adjusted on
the basis of blood pressure and lipid status [32].
CORAL defined hypertension with a systolic blood
pressure of 155 mmHg or higher while receiving two or
more antihypertensive medications (which is different
from refractory hypertension, a clear indication for
PTRAS). This trial found that the primary composite
endpoint (death from cardiovascular or renal causes,
myocardial infarction, stroke, hospitalization for congestive failure, progressive renal insufficiency, or the need
for renal replacement therapy) in patients with RAS
(>60% diameter stenosis) did not differ between groups.
The number of blood pressure medications was not
different between the groups (medical therapy 3.5 ± 1.4
vs. PTRAS 3.3 ± 1.5) at the completion of the trial and
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both groups had a similar fall in systolic blood pressure,
15.6 ± 25.8 mmHg in the medical therapy group and
16.6 ± 21.2 mmHg in the PTRAS group. CORAL confirms the ACC/AHA guideline recommendations and
SCAI PAD Appropriate Use Criteria that first-line therapy
for patients with newly discovered RAS and hypertension
is a trial of optimal medical therapy. For those who fail
optimal medical therapy (resistant hypertension), PTRAS
remains an appropriate strategy.
It is important to note that the CORAL trial does
not apply to patients with resistant or refractory hypertension. CORAL did not investigate patients in whom
medical therapy had failed to control blood pressure and
therefore it will be unlikely to change the ACC/AHA recommendations for renal artery revascularization. Current
ACC/AHA guidelines [12] and SCAI PAD Appropriate
Use Criteria recommend renal artery stenting for patients
with RAS and accelerated or resistant hypertension or in
patients with hypertension with medication intolerance
(Class IIa, LOE B, Appropriate).
Renal Artery Surgery
Surgical repair of RAS was the only available revascularization option before renal artery angioplasty. In
an observational series of 500 patients with RAS and
hypertension, managed with surgical revascularization
and followed for up to 10 years, 12% of patients were
cured of their hypertension and 73% were improved.
Importantly, 30-day mortality ranged from 4.6% to 7.3%.
Complications of surgery include surgical infections:
surgery related bleeding, urinary tract infection, pseudomembranous colitis, amongst others. Today, PTRAS
has largely replaced surgical renal revascularization for
RAS because of the increased morbidity and mortality
associated with surgery.
Renal Artery Stenting
PTRAS is the standard of care for patients with hemodynamically significant RAS (>70% angiographic diameter
RAS or 50–70% stenosis with a significant translesional
gradient) and (i) resistant or uncontrolled hypertension
and the failure of three antihypertensive drugs, one of
which is a diuretic, or hypertension with intolerance to
medication, (ii) ischemic nephropathy, and (iii) cardiac
destabilization syndromes. These populations were not
included in the CORAL trial.
Despite excellent angiographic outcomes achieved with
renal stenting, there is a mismatch between angiographic
(>97%) and clinical (∼70%) success for controlling
hypertension and renal dysfunction. Technically, PTRAS
is highly successful and safe. In a meta-analysis of 14
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studies (678 patients) evaluating PTRAS for either
hypertension or CKD, the procedure success rate was
98% (95% CI 95–100%) [33]. However, the clinical
improvement rate for hypertension was only 69%, with
a cure rate of 20%, and a lowering of blood pressure
in 49% (Figure 11.2a). Amongst patients with CKD,
renal function improved in 30% and stabilized in 38%
of patients, with an overall favorable response rate of
68% (Figure 11.2b) [33]. The mismatch between angiographic success and clinical response may be explained by
(i) inadvertent treatment of non-obstructive RAS lesions
(visually over-estimating the stenosis severity) or (ii) the
symptoms (hypertension or CKD) were not caused by
RAS, i.e. essential hypertension. The key to achieving
successful clinical outcomes is to identify which patients
are likely to benefit from intervention.
Several recent randomized clinical trials have attempted
to determine the clinical benefit of renal artery stenting.
Unfortunately, both the STAR and ASTRAL trials were
flawed by poor design and the inability to objectively
assess the severity of the RAS. They failed to select
patients with hemodynamically significant RAS lesions
that would cause renal hypoperfusion and included
inexperienced operators, resulting in unusually high
complication rates.

Selecting Patients Likely to Beneﬁt
from Revascularization
With this mismatch between technical success and clinical response after PTRAS, the question is how to better
select patients who are most likely to benefit from PTRAS.
The “Achilles heel” of renal artery revascularization is
that angiography is less precise and an uncertain “gold
standard” for determining the hemodynamic severity
of moderate (50–70%) RAS. With visual estimation of
angiographic diameter stenosis in patients with RAS
(50–90% diameter stenosis), the correlation was poor
between the angiographic diameter stenosis and resting mean translesional pressure gradient (r = 0.43,
p = 0.12), hyperemic mean translesional pressure gradient (r = 0.22, p = 0.44), and renal fractional flow reserve
(FFR) (r = 0.18, p = 0.54) (Figure 11.3) [34]. Therefore,
physiologic assessment should always be performed to
confirm the severity of RAS in patients with moderate
lesions.
Translesional Pressure Gradients
A resting translesional pressure ratio (Pd /Pa ) of <0.90 or
a hyperemic systolic gradient of >20 mmHg correlated
with a significant rise in renin concentration in the

126

Endovascular Interventions

Hypertension

(a)
Dorros (n = 28)
Boisclair (n = 100)
Blum (n = 100)
Iannone (n = 86)
Henry (n = 92)

Cured

van de Ven (n = 92)

Improved

Hennequin (n = 100)
Rees (n = 100)
Kuhn (n = 80)
Wilms (n = 100)
0

20

40

60

80

100

Renal function

(b)
Shannon (n = 100)
White (n = 100)
Harden (n = 100)
Boisclair (n = 100)
Iannone (n = 86)

Improved

Henry (n = 92)

Stabilized

van de Ven (n = 92)
Hennequin (n = 100)
Rees (n = 100)
Kuhn (n = 80)
0

20

40

60

80

100

Figure 11.2 Summary of initial reported series in terms of improvement of (a) hypertension and (b) renal function after renal artery revas-

cularization. Despite a technical success of >95%, clinical outcomes did not match technical success. This suggests that selection of patients is
crucial in order to obtain clinical benefit.
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and renal fractional flow reserve (FFR). Source: Subramanian et al. [34].
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ipsilateral renal vein [35, 36]. Several series have shown
improved blood pressure response when treating lesions
with resting or hyperemic pressure gradients (HPGs)
>20 mmHg [37, 38]. Based on these observations, an
expert consensus panel recommended that a peak systolic gradient of at least 20 mmHg, or a mean pressure
gradient of 10 mmHg, be used to confirm the severity of
lesions ≤70% diameter stenosis in symptomatic patients
with RAS [39]. Because the catheter itself can introduce
an artificial gradient [40] measurements should be done
with either a 4 Fr or smaller catheter or a 0.014-in.
pressure wire [41].
Renal Artery Fractional Flow Reserve (FFR)
Another method to determine the severity of angiographic RAS is to quantify the FFR. This hemodynamic
assessment of flow, which is widely used in the coronary
circulation, is based on the principle that flow across a
conduit artery is proportional to pressure across the vascular bed and inversely proportional to the resistance of
the vascular bed. Under conditions of maximum hyperemia, the resistance of the vascular bed is at a minimum
and constant, thereby maximizing flow. Any reduction in
flow under these conditions is caused by a stenosis and is
proportional to the ratio of pressure distal to the stenosis
(Pd ) and the pressure proximal to the stenosis (Pa ).
FFR is measured after induction of maximum hyperemia. Renal hyperemia can be achieved with papaverine
[34, 36], dopamine [38], or acetylcholine [42]. Translesional pressure gradients are measured and FFR (Pd /Pa )
is calculated using a 0.014-in. pressure guide wire. Renal
artery FFR correlates well with other hemodynamic
parameters of lesion severity [36, 43] (Figure 11.4). In
one study, renal FFR was measured after renal stent placement in 17 patients with refractory hypertension and
moderate to severe (50–90% stenosis), unilateral RAS.
Ten patients had normal baseline renal FFR (defined as
FFR ≥ 0.80), whereas an abnormal baseline renal FFR
(<0.80) was recorded in seven patients. At three months
after intervention, 86% of patients with an abnormal renal
FFR experienced improvement in their blood pressure,
compared with only 30% of those with normal renal FFR
(p = 0.04) (Figure 11.5). In this small series, baseline
systolic, mean, or hyperemic translesional pressure gradients were not different between patients whose blood
pressure improved and those in whom it did not [44].
Renal Frame Counts (RFCs)
In the coronary vasculature, the Thrombolysis in Myocardial Infarction (TIMI) frame count is a quantitative
angiographic assessment of coronary blood flow that
correlates with clinical outcomes [45, 46]. The renal frame
count has been proposed as an alternative angiographic
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method to assess renal perfusion. Renal frame count
(RFC) is the number of cine frames required for the
contrast to reach the smallest visible distal branch in the
renal parenchyma. As in TIMI frame counting, the first
frame used for the RFC is the frame in which the contrast
first fills the main renal artery. The last frame is when
contrast enters the smallest visible branch of the distal
renal parenchyma along the axis of the main renal artery.
The measurements are done with 30 frames per second
angiography. RFC was initially described in patients with
fibromuscular dysplasia (FMD) of the renal arteries (15
kidneys), who were compared to subjects with normal
renal arteries (50 kidneys) and had a significantly higher
(prolonged) mean RFC (26.9 vs. 20.4, p = 0.0001) [47].
In a prospective series of 24 patients with uncontrolled
hypertension who underwent renal artery stenting,
reduction in RFC after stenting was associated with
blood pressure reduction and >4 RFC reduction after
stenting predicted blood pressure reduction in 78% of
subjects [48].
Serum Biomarkers
Brain natriuretic peptide (BNP) is a neurohormone
released from the ventricular myocardium in conditions
that cause myocardial cell stretching like CHF and pulmonary embolism [49]. BNP has been shown to directly
correlate with pulmonary capillary wedge pressure [50].
In vitro studies have also shown that angiotensin II
induces the synthesis and release of BNP, and in rats it
has been found that BNP mRNA is upregulated six hours
after clipping of the renal artery [51].
In a series of 27 patients with significant RAS (>70%
diameter stenosis) and uncontrolled hypertension,
excluding patients with CHF, recent myocardial infarction, and chronic renal insufficiency (Cr ≥ 2) it was found
that a baseline BNP >80 pg ml−1 and BNP decreased by
at least 30% had a significant correlation with clinical
improvement in blood pressure. However, in the safety
and efficacy of the RX HERCULink Elite renal Stent system (HERCULES) trial, a single-arm multi-center trial
that included 202 patients with RAS and uncontrolled
hypertension, BNP levels did not correlate with clinical
improvement in blood pressure [52]. The usefulness of
BNP as a predictor of good clinical outcome needs to be
confirmed in a larger cohort of patients.

Technical Aspects
of Revascularization
There are several important technical and procedural
considerations to prevent complications during PTRAS.
Selective renal angiography should be preceded by
non-selective abdominal aortography or non-invasive
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Figure 11.4 Correlation between fractional flow reserve (FFR) and resting pressure gradient (BPG) (top) and hyperemic pressure gradient

(HPG) (bottom). Source: Subramanian et al. [68].

imaging with CTA or MRA. The catheter-in-catheter or
no-touch techniques should be used to minimize contact
with the aortic wall and injury to the renal ostium during
guiding catheter engagement (Figure 11.6). Adequate
pre-procedure hydration and limiting contrast volume
are helpful to prevent CIN.
Radial Access
Radial artery access is increasingly used to perform
percutaneous diagnostic and interventional coronary

procedures to reduce access site bleeding complications
and improve post-procedural patient comfort [53].
The radial approach for renal stenting represents a
valuable tool to reduce access-site complications and
improve patient comfort. However, the operator needs
specific technical skills as well as knowledge of device
compatibility. Both radial arteries are suitable for renal
intervention. Depending on the configuration of the aortic arch, the left radial access allows a shorter distance to
renal arteries. The right radial approach is ergonomically
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Figure 11.5 Blood pressure improvement at follow-up stratified by baseline renal FFR (<0.8 vs. ≥0.8). Source: Mitchell et al. [44].

(a)

(b)

Figure 11.6 No-touch technique: (a) catheter-in-catheter technique and (b) from radial access.
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(a)
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(c)

(d)

Figure 11.7 Renal intervention via right radial access: (a) diagnostic angiogram, (b) 6 mm Herculink stent deployment, (c) ostial post dilation
with flash balloon and (d) final result.

more comfortable, with lower radiation exposure for the
operator. The use of 125 cm long guiding catheters with
150 cm balloon/stent shafts is appropriate for almost all
patients whereas the 100 cm long catheters and 135 cm
long balloon/stent shafts may not reach the renal arteries
in taller patients or in patients with excessive aortic arch
tortuosity [54]. Figure 11.7 shows an example of renal
artery stenting via right radial access.
Embolic Protection Devices
Atheroembolism has been associated with an increase in
morbidity and a dramatic reduction in five-year survival
compared with patients who had no evidence on biopsy
of renal atheroembolization (54% vs. 85%, P = 0.011)
[55]. Since atheroembolism is a potential complication of
PTRAS investigators have looked for the role of embolic
protection devices (EPDs) in optimizing outcomes
after renal intervention. Distal protection is made more

complex with a proximal renal artery bifurcation which
would require two EPD devices (one in each branch) and
an 0.035-in. lumen balloon/stent catheter.
A small randomized controlled study of 100 PTRAS
patients were assigned to an open-label EPD or use of
abciximab in a 2 × 2 factorial design. A positive interaction was observed between treatment with abciximab and embolic protection. PTRAS alone, stenting
with an EPD, and stenting with abciximab were associated with similar and modest declines in eGFR at
one-month follow-up (−10, −12, −10 ml min−1 /1.73 m2
eGFR change, respectively); however, the group treated
with both the EPD and abciximab was protected from
a decline in eGFR and was superior to the other three
groups (+9 ml min−1 /1.73 m2 eGFR change p < 0.01)
[56].
In an uncontrolled retrospective trial, RFC was measured in 66 patients undergoing renal artery intervention
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with and without EPD. The EPD group had improved
renal blood flow measured by RFC compared with the
control group following RAS (mean reduction in RFC
14.2 vs. 6.7, p = 0.03) [57]. EPDs may be effective in
preventing renal atheroembolic injury and a controlled
trial measuring the impact of EPDs on renal blood flow
following RAS should be performed. At present we
reserve the use of EPDs with renal stenting to patients
with impaired renal function.
Stent Sizing with IVUS
Intravascular ultrasound (IVUS) provides more accurate anatomical characterization of the renal artery
diameter. Twenty-two patients with atherosclerotic RAS
were studied with IVUS after pre-dilation and after
angiographically successful stent deployment (diameter
stenosis <10%). Modification based on IVUS including
selection of a larger balloon, additional dilation, and
placement of a second stent occurred in five patients after
pre-dilatation and one patient after stent deployment.
The mean blood pressure and amount of antihypertensive
drugs decreased (p < 0.05). Therefore, IVUS guidance
during renal artery stent placement resulted in additional lumen enlargement not considered necessary at
angiography [58].
In a series of 363 renal artery interventions, follow-up
angiography was available in 102 patients (34%) at an
average of 303 days. Larger diameter arteries were associated with a significantly lower incidence of angiographic
restenosis. The restenosis rate was 36% for vessels with
a reference diameter <4.5 mm compared with 16% in
vessels with reference diameter 4.5–6 mm (p = 0.068) and
6.5% in vessels with reference diameter >6 mm (p < 0.01)
[59]. IVUS allows a more accurate way to measure vessel
diameter than 2D angiography, allowing the operator to
safely maximize the stent size. Operators may tend to
underestimate visual estimates to prevent complications
related to over-sized balloons and stents, which can
translate into higher rates of ISR.
Drug-Eluting Stent vs. Bare Metal Stent
Restenosis after stent-angioplasty of atherosclerotic RAS
is a limitation, especially in small diameter renal arteries.
Two meta-analyses of renal artery intervention with bare
metal stents (BMSs) have demonstrated average restenosis rates after stent placement of 16% and 17% [33]. More
recent reports suggest that with optimal deployment techniques, restenosis rates of less than 11% can be achieved
with five-year follow-up [60].
The GREAT study (Palmaz Genesis Peripheral Stainless Steel Balloon Expandable Stent, comparing a
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Sirolimus Coated with an Uncoated Stent in REnal
Artery Treatment) [61] was a prospective, multicenter study of angiographic patency of renal artery
stents placed in 105 patients with atherosclerotic RAS.
The restenosis rate was determined as binary restenosis
with a cut-off point at 50% diameter stenosis. The binary
restenosis rate was 6.7% for sirolimus-eluting stents (SES)
versus 14.6% for the BMS (p = 0.30). After six months
and one year, the target lesion revascularization (TLR)
rates were 7.7% and 11.5%, respectively, in the BMS
group versus 1.9% at both time points in the SES group
(p = 0.21). This rate remained stable up to the two-year
follow-up but did not reach significance due to the small
sample size. TLR was performed in 8% of the patients in
the BMS group and 2% in the drug-eluting stent (DES)
group. At one-year follow-up, the clinical patency was
88.5% in the BMS and 98.1% in the DES group (p = 0.21).
Restenosis Lesions
The durability of renal artery interventions is limited
by the development of ISR and the need for secondary
or tertiary renal interventions. Renal stents have excellent long-term patency rates, with cumulative primary
patency of 79–85% and a secondary patency of 92–98%
at five years [60].
The optimal treatment of renal artery ISR is uncertain. Repeat renal artery stent placement demonstrated
improved patency compared with balloon angioplasty
alone with a 58% reduction in recurrent ISR (29.4% vs.
71.4%, p = 0.02). The repeat stent group also had better
secondary patency (p = 0.05) and a greater freedom
from repeat ISR (p = 0.01) when compared with balloon
angioplasty alone. There was a trend favoring repeat stent
placement for cumulative freedom from target vessel
revascularization (TVR) (p = 0.08) [62].
The use of covered stents in the renal arteries has been
reported in the management of complications including
perforation [63]. Polytetrafluoroethylene (PTFE)-covered
stents and DESs may offer a way to treat recurrent RAS.
In a series of patients diagnosed as having their at least
second ISR following renal artery stenting, covered stents
had 17% (1/6) ISR at a mean follow-up of 36 months while
DESs were free of ISR (0/10) [64, 65].

Follow-Up
Patients should be followed at one month, six months,
and one year and annually thereafter for blood pressure
control, with renal function testing and with surveillance
DUS imaging to evaluate stent patency [66]. DUS is
the recommended imaging technique to screen for ISR.
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DUS surveillance monitoring for renal stent patency
should take into account that a stented artery is less
compliant than a native artery and that PSV and RAR
obtained by DUS are higher for any given degree of arterial narrowing within the stent [17], therefore obtaining
a post-procedure DUS is reasonable to establish a new
baseline PSV.

References
(Key references in bold)
1 Conlon, P.J., Little, M.A., Pieper, K., and Mark, D.B. (2001). Severity of renal vascular disease predicts mortality in patients undergoing coronary angiography. Kidney Int. 60 (4): 1490–1497.
2 Kennedy, D.J., Colyer, W.R., Brewster, P.S. et al. (2003). Renal
insufficiency as a predictor of adverse events and mortality
after renal artery stent placement. Am. J. Kidney Dis. 42 (5):
926–935.
3 Benjamin, M.M., Fazel, P., Filardo, G. et al. (2014). Prevalence
of and risk factors of renal artery stenosis in patients with resistant hypertension. Am. J. Cardiol. 113 (4): 687–690.
4 Pimenta, E. and Calhoun, D.A. (2012). Resistant hypertension:
incidence, prevalence, and prognosis. Circulation 125 (13):
1594–1596.
5 Anderson, G.H. Jr., Blakeman, N., and Streeten, D.H. (1994). The
effect of age on prevalence of secondary forms of hypertension
in 4429 consecutively referred patients. J. Hypertens. 12 (5):
609–615.
6 Aqel, R.A., Zoghbi, G.J., Baldwin, S.A. et al. (2003). Prevalence
of renal artery stenosis in high-risk veterans referred to cardiac
catheterization. J. Hypertens. 21 (6): 1157–1162.
7 Khosla, S., Kunjummen, B., Manda, R. et al. (2003). Prevalence
of renal artery stenosis requiring revascularization in patients
initially referred for coronary angiography. Catheter. Cardiovasc.
Interv. 58 (3): 400–403.
8 Parikh, S.A., Shishehbor, M.H., Gray, B.H. et al. (2014). SCAI
expert consensus statement for renal artery stenting appropriate use. Catheter. Cardiovasc. Interv. 84 (7): 1163–1171.
9 Preston, R.A. and Epstein, M. (1997). Ischemic renal disease: an
emerging cause of chronic renal failure and end-stage renal disease. J. Hypertens. 15 (12 Pt 1): 1365–1377.
10 Garovic, V.D. and Textor, S.C. (2005). Renovascular hypertension
and ischemic nephropathy. Circulation 112 (9): 1362–1374.
11 Muray, S., Martin, M., Amoedo, M.L. et al. (2002). Rapid decline
in renal function reflects reversibility and predicts the outcome
after angioplasty in renal artery stenosis. Am. J. Kidney Dis. 39
(1): 60–66.
12 Hirsch, A.T., Haskal, Z.J., Hertzer, N.R. et al. (2006).
ACC/AHA 2005 guidelines for the management of patients
with peripheral arterial disease (lower extremity, renal,
mesenteric, and abdominal aortic): a collaborative report
from the American Association for Vascular Surgery/Society
for Vascular Surgery, Society for Cardiovascular Angiography

13

14

15

16

17

18

19

20

21

22

23

24

25

and Interventions, Society for Vascular Medicine and Biology, Society of Interventional Radiology, and the ACC/AHA
Task Force on Practice Guidelines (Writing Committee to
Develop Guidelines for the Management of Patients With
Peripheral Arterial Disease) endorsed by the American Association of Cardiovascular and Pulmonary Rehabilitation;
National Heart, Lung, and Blood Institute; Society for Vascular Nursing; Trans Atlantic Inter-Society Consensus; and
Vascular Disease Foundation. J. Am. Coll. Cardiol. 47 (6):
1239–1312.
Messerli, F.H. and Bangalore, S. (2011). The Pickering Syndrome – a pebble in the mosaic of the cardiorenal syndrome.
Blood Press. 20 (1): 1–2.
Gray, B.H., Olin, J.W., Childs, M.B. et al. (2002). Clinical benefit of renal artery angioplasty with stenting for the control of
recurrent and refractory congestive heart failure. Vasc. Med. 7 (4):
275–279.
Granata, A., Fiorini, F., Andrulli, S. et al. (2009). Doppler ultrasound and renal artery stenosis: an overview. J. Ultrasound 12 (4):
133–143.
Olin, J.W., Piedmonte, M.R., Young, J.R. et al. (1995). The utility
of duplex ultrasound scanning of the renal arteries for diagnosing significant renal artery stenosis. Ann. Intern. Med. 122 (11):
833–838.
Chi, Y.W., White, C.J., Thornton, S., and Milani, R.V. (2009).
Ultrasound velocity criteria for renal in-stent restenosis. J. Vasc.
Surg. 50 (1): 119–123.
Zeller, T., Frank, U., Muller, C. et al. (2003). Predictors of
improved renal function after percutaneous stent-supported
angioplasty of severe atherosclerotic ostial renal artery
stenosis. Circulation 108 (18): 2244–2249.
Zeller, T., Muller, C., Frank, U. et al. (2003). Stent angioplasty
of severe atherosclerotic ostial renal artery stenosis in patients
with diabetes mellitus and nephrosclerosis. Catheter. Cardiovasc.
Interv. 58 (4): 510–515.
Radermacher, J., Chavan, A., Bleck, J. et al. (2001). Use of
Doppler ultrasonography to predict the outcome of therapy for
renal-artery stenosis. N. Engl. J. Med. 344 (6): 410–417.
Kawashima, A., Sandler, C.M., Ernst, R.D. et al. (2000). CT
evaluation of renovascular disease. Radiographics 20 (5):
1321–1340.
Kim, T.S., Chung, J.W., Park, J.H. et al. (1998). Renal artery evaluation: comparison of spiral CT angiography to intra-arterial DSA.
J. Vasc. Interv. Radiol. 9 (4): 553–559.
McCullough, P.A., Adam, A., Becker, C.R. et al. (2006). Epidemiology and prognostic implications of contrast-induced nephropathy. Am. J. Cardiol. 98 (6A): 5K–13K.
Cho, E.S., Yu, J.S., Ahn, J.H. et al. (2012). CT angiography
of the renal arteries: comparison of lower-tube-voltage CTA
with moderate-concentration iodinated contrast material and
conventional CTA. Am. J. Roentgenol. 199 (1): 96–102.
Davenport, M.S., Khalatbari, S., Cohan, R.H. et al. (2013).
Contrast material-induced nephrotoxicity and intravenous

CHAPTER 11 Severe Renal Artery Stenosis

26

27

28

29

30

31

32

33

34

35

36

37

38

low-osmolality iodinated contrast material: risk stratification
by using estimated glomerular filtration rate. Radiology 268 (3):
719–728.
Turgutalp, K., Kiykim, A., Ozhan, O. et al. (2013). Comparison
of diagnostic accuracy of Doppler USG and contrast-enhanced
magnetic resonance angiography and selective renal arteriography
in patients with atherosclerotic renal artery stenosis. Med. Sci.
Monit. 19: 475–482.
Dellegrottaglie, S., Sanz, J., and Rajagopalan, S. (2006). Technology insight: clinical role of magnetic resonance angiography in
the diagnosis and management of renal artery stenosis. Nat. Clin.
Pract. Cardiovasc. Med. 3 (6): 329–338.
Chrysochou, C., Foley, R.N., Young, J.F. et al. (2012). Dispelling
the myth: the use of renin-angiotensin blockade in atheromatous renovascular disease. Nephrol. Dial. Transplant. 27 (4):
1403–1409.
Hackam, D.G., Duong-Hua, M.L., Mamdani, M. et al. (2008).
Angiotensin inhibition in renovascular disease: a populationbased cohort study. Am. Heart J. 156 (3): 549–555.
Stone, N.J., Robinson, J.G., Lichtenstein, A.H. et al. (2014).
2013 ACC/AHA guideline on the treatment of blood cholesterol to reduce atherosclerotic cardiovascular risk in adults: a
report of the American College of Cardiology/American Heart
Association Task Force on Practice Guidelines. Circulation
129 (25 Suppl 2): S1–S45.
Silva, V.S., Martin, L.C., Franco, R.J. et al. (2008). Pleiotropic
effects of statins may improve outcomes in atherosclerotic
renovascular disease. Am. J. Hypertens. 21 (10): 1163–1168.
Cooper, C.J., Murphy, T.P., Cutlip, D.E. et al. (2013). Stenting and
medical therapy for atherosclerotic renal-artery stenosis. N. Engl.
J. Med. 370: 13–22.
Leertouwer, T.C., Gussenhoven, E.J., Bosch, J.L. et al. (2000).
Stent placement for renal arterial stenosis: where do we stand?
A meta-analysis. Radiology 216 (1): 78–85.
Subramanian, R., White, C.J., Rosenfield, K. et al. (2005). Renal
fractional flow reserve: a hemodynamic evaluation of moderate renal artery stenoses. Catheter. Cardiovasc. Interv. 64 (4):
480–486.
De Bruyne, B., Manoharan, G., Pijls, N.H. et al. (2006). Assessment of renal artery stenosis severity by pressure gradient measurements. J. Am. Coll. Cardiol. 48 (9): 1851–1855.
Kapoor, N., Fahsah, I., Karim, R. et al. (2010). Physiological
assessment of renal artery stenosis: comparisons of resting with
hyperemic renal pressure measurements. Catheter. Cardiovasc.
Interv. 76 (5): 726–732.
Leesar, M.A., Varma, J., Shapira, A. et al. (2009). Prediction of
hypertension improvement after stenting of renal artery stenosis: comparative accuracy of translesional pressure gradients,
intravascular ultrasound, and angiography. J. Am. Coll. Cardiol.
53 (25): 2363–2371.
Mangiacapra, F., Trana, C., Sarno, G. et al. (2010). Translesional
pressure gradients to predict blood pressure response after renal

39

40

41

42

43

44

45

46

47

48

49

50

51

133

artery stenting in patients with renovascular hypertension. Circ.
Cardiovasc. Interv. 3 (6): 537–542.
Rundback, J.H., Sacks, D., Kent, K.C. et al. (2002). Guidelines for
the reporting of renal artery revascularization in clinical trials.
American Heart Association. Circulation 106 (12): 1572–1585.
Nahman, N.S. Jr., Maniam, P., Hernandez, R.A. Jr. et al. (1994).
Renal artery pressure gradients in patients with angiographic
evidence of atherosclerotic renal artery stenosis. Am. J. Kidney
Dis. 24 (4): 695–699.
Colyer, W.R. Jr., Cooper, C.J., Burket, M.W., and Thomas, W.J.
(2003). Utility of a 0.014′′ pressure-sensing guidewire to assess
renal artery translesional systolic pressure gradients. Catheter.
Cardiovasc. Interv. 59 (3): 372–377.
Jones, N.J., Bates, E.R., Chetcuti, S.J. et al. (2006). Usefulness of
translesional pressure gradient and pharmacological provocation
for the assessment of intermediate renal artery disease. Catheter.
Cardiovasc. Interv. 68 (3): 429–434.
White, C.J. and Olin, J.W. (2009). Diagnosis and management of
atherosclerotic renal artery stenosis: improving patient selection
and outcomes. Nat. Clin. Pract. Cardiovasc. Med. 6 (3): 176–190.
Mitchell, J.A., Subramanian, R., White, C.J. et al. (2007). Predicting blood pressure improvement in hypertensive patients
after renal artery stent placement: renal fractional flow reserve.
Catheter. Cardiovasc. Interv. 69 (5): 685–689.
Kunadian, V., Harrigan, C., Zorkun, C. et al. (2009). Use of the
TIMI frame count in the assessment of coronary artery blood
flow and microvascular function over the past 15 years. J. Thromb.
Thrombolysis 27 (3): 316–328.
Gibson, C.M., Cannon, C.P., Murphy, S.A. et al. (2002). Relationship of the TIMI myocardial perfusion grades, flow grades, frame
count, and percutaneous coronary intervention to long-term
outcomes after thrombolytic administration in acute myocardial
infarction. Circulation 105 (16): 1909–1913.
Mulumudi, M.S. and White, C.J. (2005). Renal frame count:
a quantitative angiographic assessment of renal perfusion.
Catheter. Cardiovasc. Interv. 65 (2): 183–186.
Mahmud, E., Smith, T.W., Palakodeti, V. et al. (2008). Renal frame
count and renal blush grade: quantitative measures that predict
the success of renal stenting in hypertensive patients with renal
artery stenosis. JACC Cardiovasc. Interv. 1 (3): 286–292.
Morrison, L.K., Harrison, A., Krishnaswamy, P. et al. (2002). Utility of a rapid B-natriuretic peptide assay in differentiating congestive heart failure from lung disease in patients presenting with
dyspnea. J. Am. Coll. Cardiol. 39 (2): 202–209.
Troughton, R.W., Prior, D.L., Pereira, J.J. et al. (2004). Plasma
B-type natriuretic peptide levels in systolic heart failure: importance of left ventricular diastolic function and right ventricular
systolic function. J. Am. Coll. Cardiol. 43 (3): 416–422.
Wolf, K., Kurtz, A., Pfeifer, M. et al. (2001). Different regulation
of left ventricular ANP, BNP and adrenomedullin mRNA in
the two-kidney, one-clip model of renovascular hypertension.
Pflugers Arch. 442 (2): 212–217.

134

Endovascular Interventions

52 Jaff, M.R., Bates, M., Sullivan, T. et al. (2012). Significant
reduction in systolic blood pressure following renal artery
stenting in patients with uncontrolled hypertension: results
from the HERCULES trial. Catheter. Cardiovasc. Interv. 80
(3): 343–350.
53 Caputo, R.P., Tremmel, J.A., Rao, S. et al. (2011). Transradial
arterial access for coronary and peripheral procedures: executive summary by the Transradial Committee of the SCAI.
Catheter. Cardiovasc. Interv. 78 (6): 823–839.
54 Trani, C., Tommasino, A., and Burzotta, F. (2009). Transradial
renal stenting: why and how. Catheter. Cardiovasc. Interv. 74 (6):
951–956.
55 Olin, J.W. (2007). Atheroembolic renal disease: underdiagnosed
and misunderstood. Catheter. Cardiovasc. Interv. 70 (6): 789–790.
56 Cooper, C.J., Haller, S.T., Colyer, W. et al. (2008). Embolic protection and platelet inhibition during renal artery stenting. Circulation 117 (21): 2752–2760.
57 Paul, T.K., Lee, J.H., and White, C.J. (2012). Renal embolic
protection devices improve blood flow after stenting for
atherosclerotic renal artery stenosis. Catheter. Cardiovasc. Interv.
80 (6): 1019–1022.
58 Leertouwer, T.C., Gussenhoven, E.J., van Overhagen, H. et al.
(1998). Stent placement for treatment of renal artery stenosis
guided by intravascular ultrasound. J. Vasc. Interv. Radiol. 9 (6):
945–952.
59 Lederman, R.J., Mendelsohn, F.O., Santos, R. et al. (2001). Primary renal artery stenting: characteristics and outcomes after 363
procedures. Am. Heart J. 142 (2): 314–323.
60 Henry, M., Amor, M., Henry, I. et al. (1999). Stents in the treatment of renal artery stenosis: long-term follow-up. J. Endovasc.
Surg. 6 (1): 42–51.
61 Zahringer, M., Sapoval, M., Pattynama, P.M. et al. (2007).
Sirolimus-eluting versus bare-metal low-profile stent for renal
artery treatment (GREAT Trial): angiographic follow-up after
6 months and clinical outcome up to 2 years. J. Endovasc. Ther.
14 (4): 460–468.
62 N’Dandu, Z.M., Badawi, R.A., White, C.J. et al. (2008). Optimal
treatment of renal artery in-stent restenosis: repeat stent place-

63

64

65

66

67

68

ment versus angioplasty alone. Catheter. Cardiovasc. Interv. 71 (5):
701–705.
Rasmus, M., Huegli, R., Jacob, A.L. et al. (2007). Extensive
iatrogenic aortic dissection during renal angioplasty: successful
treatment with a covered stent-graft. Cardiovasc. Intervent.
Radiol. 30 (3): 497–500.
Patel, P.M., Eisenberg, J., Islam, M.A. et al. (2009). Percutaneous
revascularization of persistent renal artery in-stent restenosis.
Vasc. Med. 14 (3): 259–264.
Zeller, T., Sixt, S., Rastan, A. et al. (2007). Treatment of
reoccurring instent restenosis following reintervention after
stent-supported renal artery angioplasty. Catheter. Cardiovasc.
Interv. 70 (2): 296–300.
Mohler, E.R., Gornic, H.L., Gerhard-Herman, M. et al. (2012).
ACCF/ACR/AIUM/ASE/ASN/ICAVL/SCAI/SCCT/SIR/
SVM/SVS/SVU [corrected] 2012 appropriate use criteria
for peripheral vascular ultrasound and physiological testing part I: arterial ultrasound and physiological testing: a
report of the American College of Cardiology Foundation
appropriate use criteria task force, American College of
Radiology, American Institute of Ultrasound in Medicine,
American Society of Echocardiography, American Society of
Nephrology, Intersocietal Commission for the Accreditation
of Vascular Laboratories, Society for Cardiovascular Angiography and Interventions, Society of Cardiovascular Computed
Tomography, Society for Interventional Radiology, Society for
Vascular Medicine, Society for Vascular Surgery, [corrected]
and Society for Vascular Ultrasound. [corrected]. J. Am. Coll.
Cardiol. 60 (3): 242–276.
Khosla, S., White, C.J., Collins, T.J. et al. (1997). Effects of renal
artery stent implantation in patients with renovascular hypertension presenting with unstable angina or congestive heart failure.
Am. J. Cardiol. 80: 363–366.
Subramanian, R., White, C.J., Rosenfield, K. et al. (2005).
Renal fractional flow reserve: a hemodynamic evaluation of
moderate renal artery stenosis. Catheter. Cardiovasc. Interv. 48:
1851–1855.

CHAPTER 12

Mesenteric Ischemia: Chronic and Acute
Management
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Introduction
Chronic mesenteric ischemia (CMI) is a form of peripheral vascular disease that affects the perfusion to the small
or large intestine. Typically, in symptomatic patients at
least two of the three major intestinal arterial supplies
is affected by stenosis or occlusion: the celiac axis, the
superior mesenteric artery, and/or the inferior mesenteric
artery. The disease usually presents after the age of 60 and
is three- to fourfold more common in women. Patients
commonly have concomitant vascular disease affecting
the lower extremities, coronary arteries, renal arteries,
or cerebral arteries [1]. The most common underlying
pathology of CMI is atherosclerotic involvement of the
intestinal arteries, although other etiologies may contribute as well. Cardiovascular risk factors including
cigarette smoking, hypertension, and diabetes mellitus are frequent comorbidities. As noted, CMI usually
presents clinically when there is advanced atherosclerotic
disease involving multiple arteries. The classic symptom
triad is described as postprandial pain, fear of eating, and
involuntary weight loss. Pain is reported as an aching,
dull pain that typically begins 15–30 minutes after a meal
and may persist for one to four hours thereafter [2]. With
more advanced visceral ischemia, the severity and length
of pain may increase or occur even with the ingestion
of small amounts of food. Symptoms are often notably
out of proportion to physical findings. When examining
the patient, an abdominal bruit may be auscultated [1].
Evidence of weight loss and malnutrition are also common findings, with a scaphoid abdomen and temporal
wasting often pronounced. It is paramount to evaluate
for other forms of vascular disease, such as peripheral

artery disease demonstrated by absent or diminished
pedal pulses. Findings suggestive of coronary artery
disease (CAD) or cerebrovascular disease must also be
investigated and not overlooked [2]. Since mesenteric
ischemia is reflective of diffuse atherosclerotic disease
burden, coronary imaging may be warranted to exclude
occult CAD.

Anatomic Considerations
The occurrence of atherosclerotic obstruction of the
intestinal arteries is generally a gradual and chronic
process, therefore permitting the development of collaterals that prevent acute symptoms or bowel infarction.
There are rich anastomotic arcades between the celiac
axis (CA), the superior mesenteric artery (SMA), the
inferior mesenteric artery (IMA), and the hypogastric
branches (Figure 12.1). The CA and SMA communicate
by connections between the superior pancreaticoduodenal branch of the gastroduodenal artery and the inferior
pancreaticoduodenal artery, which arises from the SMA.
A persistent embryologic variant called the Arc of Buhler
is a proximally arising ventral branch that connects the
celiac artery and SMA, occurring in approximately 3%
of individuals. Another important collateral pathway
from the CA to the SMA that provides dual blood supply
to the transverse colon is an anastomosis between the
right gastroepiploic artery as the terminal branch of the
gastroduodenal artery and the left gastroepiploic artery
originating from the distal splenic artery.
The marginal artery of Drummond, also called the
meandering mesenteric artery, represents the principal
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Figure 12.2 Angiographic demonstration of the marginal artery of
Drummond in a patient with SMA occlusion. The enlarged meandering mesenteric collateral pathway arising from the IMA courses along
the medial margin of the colon (arrows).

SR

HG

HG

Figure 12.1 Normal and variant arterial communications between
the major intestinal arteries. CA, celiac axis; LGA, left gastric artery;
HA, hepatic artery; SA, splenic artery; AB, Arc of Buhler; GDA, gastroduodenal artery; PDA, pancreaticoduodenal artery; SMA, superior mesenteric artery; IMA, inferior mesenteric artery; MC, middle
colic artery; RC, right colic artery; IC, ileocolic artery; LC, left colic
artery; AR, arc of Riolan; SR, superior rectal artery; HG, hypogastric
artery (right and left); *denotes the marginal artery of Drummond.

anastomosis between the terminal branches of the SMA
and IMA which form an arcade along the mesenteric
border of the colon. Specifically, the marginal artery is
described by the ascending branch of the right colic artery,
hepatic, and splenic branches of the middle colic artery,
and the ascending division of the left colic branch of the
IMA. In cases of SMA occlusion, the IMA may become
hypertrophied and supply the entire abdominal viscera
[3, 4] via this pathway (Figure 12.2). The arc of Riolan is a
potential anastomosis within the mesentery between the
ascending division of the left colic branch of the IMA and
the left division of the middle colic branch of the SMA.
This pathway may develop in response to a stenosis or
occlusion of either the proximal SMA or the IMA [5]. The
ability to develop these collateral networks is the reason
whereby at least two of the three major mesenteric vessels
need to be affected before symptoms of CMI present [6].

Indications for Treatment
The goals of treatment in patients presenting with symptomatic CMI are to decrease postprandial pain, improve
nutritional status, and prevent intestinal infarction [7].
Prophylactic mesenteric artery revascularization is rarely
performed in the asymptomatic patient identified with
disease on cross-sectional imaging or undergoing an
aortic procedure for other indications [8].

Endovascular Therapy
Access may be obtained from the femoral, brachial or
radial arteries (Figure 12.1). Upper extremity access may
be utilized in cases of obesity or acute angulation of the
mesenteric vessel off the aorta [9–13]. A 6 or 7 Fr sheath is
inserted via the access vessel. A flush catheter is inserted
into the abdominal aorta and a diagnostic arteriogram is
performed in the anterior-posterior position and again
in the lateral view to evaluate the arterial orifices to
confirm the presence of and severity of stenosis. The flush
catheter is then exchanged for a co-axial guiding sheath
or catheter and selective catheter. When upper extremity
access is utilized, an angled multipurpose catheter may
be used to selectively catheterize the mesenteric vessel,
whereas a reverse curve catheter or cobra-shaped catheter
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Figure 12.3 Intervention for chronic mesenteric ischemia. An initial lateral aortogram (a) shows an obvious stenosis of the celiac axis
(curved arrow) and mild to moderate stenosis of the superior mesenteric artery (double white arrow). Pressure measurements demonstrated
a 25 mmHg trans-stenotic gradient across the SMA. After stenting of the celiac axis and SMA (b) there is restored unobstructed patency of
both vessels (brackets) and resolution of a gradient.

is employed during femoral access. The selective catheter
is then used to engage the target vessel, and the stenosis
or occlusion may be traversed carefully with a floppy- to
medium-strength tipped steerable wire. In our experience, 0.018-in. or 0.014-in. wires in combination with a
microcatheter are commonly used. The guiding catheter
or sheath is then advanced to the vessel ostium or just
proximal to the lesion to provide sufficient support for
the delivery of a balloon and/or stent. Angiography may
also be performed through the guiding system to accurately guide treatment. This technique allows for pressure
gradients to be obtained proximal and distal to the lesion.
Once identified, angioplasty and or direct stenting may be
used in non-calcified and moderate stenosis; with more
severe lesions and visible calcification, pre-dilation is
recommended to allow safe and precise stent positioning
(Figure 12.3).
Alternately, a no-touch technique has been described
and can be used if the origin of the target vessel is very
calcified or ulcerated and therefore considered at risk
for visceral or downstream aortic embolization. With
this technique, the guide catheter is positioned within
the aorta and is kept straight by means of a 0.035-in.
wire that prevents the catheter from engaging the takeoff
of the target vessel. A parallel 0.014-in. wire is then
inserted into the guiding catheter and used to cross the
lesion atraumatically. The larger wire is removed, and the

guiding catheter then safely advanced to allow intervention. Although angioplasty alone is an option, all visceral
artery stenosis should be stented to improve acute results
and provide durable patency [14]. Balloon-expandable
stents are used most frequently as they offer precise
placement with a goal of protruding 1–2 mm of the stent
into the aortic lumen. Oderich et al. [15] compared
covered stents (CSs) to bare metal stents (BMSs) in 225
patients with CMI and found that CSs had a lower rate
of restenosis, symptom recurrence, and re-intervention
compared to BMSs. Post dilation is typically performed,
and pressure gradients may be obtained to ensure adequate resolution of the stenosis. If a stent is deployed,
continuation of aspirin 81 mg and clopidogrel 75 mg for
at least six months is advised.

Complications
Complications that may occur which are similar to all
other endovascular procedures include contrast-induced
nephropathy and infrequently anaphylactic reaction. The
most common complications are access site related. With
high brachial or axillary access, bleeding has the potential to permanently compromise nerve function; early
diagnosis and prompt evacuation of the hematoma are
essential to minimizing morbidity. Ultrasound-guided
arterial puncture using a micropuncture needle is advised
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for arm access. The radial artery, due to its superficial
route, is an appealing access route due to its easier
compression and quicker identification of hematomas
or bleeding. The absence of adjacent major vascular
structures or nerves also decreases the possibilities of
developing arterio-venous fistulas or nerve injury. However, the small diameter of the radial artery may be
completely occluded by the vascular sheaths, prompting
thrombosis of those vessels to occur. Therefore, prompt
heparinization after sheath insertion at these access sites
is important. The patency of the palmar arch should be
evaluated with a Barbeau test prior to accessing the radial
artery. Additional findings which should deter from using
the radial artery are small diameter of the artery and the
presence of an ipsilateral hemodialysis fistula or graft.
Dissection may occur after entering a subintimal plane
while attempting to cross a high-grade stenosis or occlusion. Rapid identification is critical as stent placement is
needed to avoid distal propagation and eventual arterial
occlusion. If the true lumen is unable to be re-entered
or the wire cannot be successfully advanced through the
lesion, conversion to an open operation may be necessary. In cases of distal embolization and misdiagnosed or
underestimated dissection, worsened bowel ischemia or
eventual infarction may occur. If intestinal malperfusion
is suspected intraoperatively and confirmed angiographically, standard catheter-based salvage techniques should
be implemented immediately. When the salvage techniques are not successful or clinical evidence of an acute
abdomen is present, abdominal exploration with bowel
inspection and thomboembolectomy is indicated.
A known pitfall associated with endovascular therapy for CMI is a potentially higher risk of restenosis
and re-intervention rate when compared to surgery
(Table 12.1 [15–22]). Therefore, close patient and duplex
surveillance is required to improve assisted patency,

although re-intervention is only warranted in the event
of recurrent clinical symptoms.

Special Considerations
Acute Mesenteric Ischemia
Acute mesenteric ischemia (AMI) is the result of an
abrupt disruption of the blood flow to the bowel. There
are four major subgroups that comprise the causes of
AMI. The most common etiology is an acute mesenteric arterial embolism or an acute arterial dissection.
Non-occlusive mesenteric ischemia (NOMI) may be
secondary to low flow states such as hypovolemia, peritonitis, or vasospastic medications, most notably digoxin
(Figure 12.4). Finally, mesenteric venous thrombosis may
rarely result in an AMI.
Overall, the prognosis for AMI is typically poor, with
approximately a 71% overall mortality rate. The computed tomographic (CT) assessment of intestinal viability
is imperative in the evaluation of patients. If bowel infarction is present, the mortality rate may rise to 90% despite
adequate treatment of the cause of AMI. Therefore, the
onset of symptoms is crucial in the overall prognosis of
the patient.
Endovascular techniques may be considered in the
absence of frank peritoneal signs, if there is prohibitive
operative risk, or if an autogenous conduit for mesenteric
or celiac bypass is lacking. CT demonstration of free air,
bowel gangrene, or pneumatosis intestinalis necessitates
surgical intervention when possible. Multiple endovascular treatment modalities can be utilized, such as suction
thrombectomy, catheter-directed thrombolysis [23, 24],
direct percutaneous angioplasty [25] or stent-graft placement (Figure 12.5). Lim et al. [26, 27] have reported
the use of an endovascular approach in surgically unfit
patients with good results. In all cases the goal is to

Table 12.1 Results of endovascular therapy for CMI.
Number

Number

Technical

30-day

Initial

Mean

References

of
patients

of
vessels

success
(%)

Complications
(%)

mortality
(%)

symptom
relief (%)

follow-up
(months)

Re-intervention
(%)

Silva et al. [16]
Atkins et al. [17]

59
31

79
43

96
97

3
29

2
3

85
87

38
15

17
16

Sarac et al. [18]
Lee et al. [19]
Dias et al. [20]

65
31
43

87
41
49

94
98
96

31
6
23

8
13
0

85
71
95

12
26
43

11
13
33

Peck et al. [21]
Fioole et al. [22]
Oderich et al. [15]

49
51
42

66
60
42

88
93
98

16
4
12

2
0
0

90
78
98

37
25
19

29
25
10

Total

371

467

95

14

3

86

27

19
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(c)

Figure 12.4 Non-occlusive mesenteric ischemia in a patient with hypotension, digoxin therapy, and abdominal sepsis. Initial SMA arterio-

graphy (a) shows marked tapering of the terminal SMA branches and absence of mucosal opacification (arrows). Reflux into a replaced right
hepatic artery is noted (asterisk). After overnight infusion of papaverine, there is improved bowel perfusion (b, circled area) which is also
demonstrated by brisk visualization of the portal and mesenteric veins on venous phase imaging (c, curved arrow).

(a)

(b)

(c)

(d)

Figure 12.5 Endovascular management of acute mesenteric ischemia. Elderly female with atrial fibrillation and acute onset abdominal pain.
CT arteriography. Scan showed segmental embolic occlusion of the distal SMA with bowel ischemia. Catheter angiography (a) demonstrates a
filling defect (curved arrow) and occlusion (asterisks) of ileocolic branches, with intraluminal thromboembolus and a “tram-track” appearance
better seen on selective distal imaging (b). Directed aspiration thrombectomy was performed (c) with markedly improved ileocolic artery flow
and clearance of obstructive material (d). The patient was anticoagulated and recovered fully.
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reestablish immediate gut perfusion. Careful hemodynamic monitoring after intervention is necessary due to a
risk of reperfusion intestinal bleeding and delayed colon
perforation.
Total Occlusions
A chronic total occlusion (CTO) of one of the major
mesenteric arteries does not constitute a contraindication
for an endovascular intervention. Low profile systems and
improvement in operator technique has made treatment
of occluded vessels feasible. A retrospective review of 47
patients with CTO of the SMA treated endovascularly
[28] revealed 87% technical success, 100% immediate clinical improvement, 95% and 78% freedom from
symptomatic recurrence at one- and two-year follow-up,
respectively, and 7% and 0% minor and major complication rates, respectively. Several studies [18, 29, 30] have
shown that endovascular treatment of total occlusion of
the mesenteric vessels has technical success, clinical success, and follow-up patency rate similar to endovascular
treatment of stenotic vessels.
Median Arcuate Ligament Syndrome
Median arcuate ligament (MAL) syndrome is caused by
the compression of the celiac artery by the MAL, and
is typically found in asthenic patients or those with a
large amount of weight loss for other reasons. The MAL
is an anomalous fibrous band that connects the right
and left crura of the diaphragm. Patients are typically
asymptomatic, but when symptoms are present they
may mimic CMI. Since only a single intestinal artery
is involved, one postulated mechanism of symptoms is
gallbladder ischemia with associated biliary dyskinesia.
Typical angiographic findings are nonostial, eccentric,
anterior, and superior compression of the celiac artery.
These findings may become more pronounced during
deep expiration as the MAL rises with the diaphragm
and causes increased compression upon the celiac artery
(Figure 12.6) [31]. Angioplasty or stenting in these
patients is associated with a high failure rate and is not
recommended. Therefore, the patient should be referred
for surgical decompression [16, 26].

Comparison of Endovascular
Therapy with Open Surgical
Technique
The traditional treatment for CMI has been an open
surgical technique (bypass grafting, trans-aortic or local

Figure 12.6 Median arcuate ligament syndrome. Aortography
shows narrowing limited to the superior surface of the celiac axis
(open arrow). The contour of the inferior margin of the artery is
preserved.

endarterectomy, patch angioplasty, and re-implantation).
These techniques typically result in immediate clinical
improvement of close to 100% in several different series
[32–36]. A critical influence in long-term outcome is
dependent on the number of vessels that are treated.
Although there should be an attempt to revascularize as
many vessels as possible, the SMA is especially important.
The SMA is paramount in providing optimal long-term
symptomatic relief, even when treating other diseased
vessels is not possible [34, 37].
Although the long-term patency rates appear to be
superior with open technique, one-, two-, three-, and
five-year survival rates between the two treatments are
the same [38, 39]. A significant advantage of an endovascular approach is the reduced morbidity and mortality
rates with a reduced hospital stay while maintaining high
technical and immediate clinical success (Table 12.1).
Pecoraro et al. [39] reported the perioperative mortality
to be 3.6% and morbidity 13.2% for endovascular treatment versus 7.2% and 33.1% in open surgical techniques.
The reported mean hospital stay for endovascular therapy is 3 days compared with 12 days for open surgical
revascularization [38].

CHAPTER 12 Mesenteric Ischemia

References
(Key references in bold)
1 Rheudasil, J.M., Stewart, M.T., Schellack, J.V. et al. (1988). Surgical treatment of chronic mesenteric arterial insufficiency. J. Vasc.
Surg. 8: 495–500.
2 Geelkerken, R.H., van Bockel, J.H., de Roos, W.K. et al. (1991).
Chronic mesenteric vascular syndrome. Results of reconstructive
surgery. Arch. Surg. 126: 1101–1106.
3 Moawad, J. and Gewertz, B.L. (1997). Chronic mesenteric
ischemia. Clinical presentation and diagnosis. Surg. Clin. North
Am. 77: 357–369.
4 Connolly, J.E. and Kwaan, J.H. (1982). Management of chronic
visceral ischemia. Surg. Clin. North Am. 62: 345–356.
5 Harward, T.R., Brooks, D.L., Flynn, T.C. et al. (1993). Multiple
organ dysfunction after mesenteric artery revascularization. J.
Vasc. Surg. 18: 459–467; discussion 67–69.
6 Allen, R.C., Martin, G.H., Rees, C.R. et al. (1996). Mesenteric
angioplasty in the treatment of chronic intestinal ischemia.
J. Vasc. Surg. 24: 415–423.
7 Morris, G.C. Jr., De Bakey, M.E., and Bernhard, V. (1966).
Abdominal angina. Surg. Clin. North Am. 46: 919–930.
8 Cunningham, C.G., Reilly, L.M., and Stoney, R. (1992). Chronic
visceral ischemia. Surg. Clin. North Am. 72: 231–244.
9 Louvard, Y., Lefevre, T., Allain, A., and Morice, M. (2001).
Coronary angiography through the radial or the femoral
approach: the CARAFE study. Catheter. Cardiovasc. Interv.
52: 181–187.
10 Rao, S.V., Ou, F.S., Wang, T.Y. et al. (2008). Trends in the
prevalence and outcomes of radial and femoral approaches
to percutaneous coronary intervention: a report from the
National Cardiovascular Data Registry. JACC Cardiovasc.
Interv. 1: 379–386.
11 Jolly, S.S., Amlani, S., Hamon, M. et al. (2009). Radial versus
femoral access for coronary angiography or intervention and
the impact on major bleeding and ischemic events: a systematic
review and meta-analysis of randomized trials. Am. Heart J. 157:
132–140.
12 Agostoni, P., Biondi-Zoccai, G.G., de Benedictis, M.L. et al.
(2004). Radial versus femoral approach for percutaneous
coronary diagnostic and interventional procedures; systematic overview and meta-analysis of randomized trials. J. Am.
Coll. Cardiol. 44: 349–356.
13 Jolly, S.S., Yusuf, S., Cairns, J. et al. (2011). Radial versus
femoral access for coronary angiography and intervention in patients with acute coronary syndromes (RIVAL): a
randomized, parallel group, multicentre trial. Lancet 377:
1409–1420.
14 Rose, S.C., Quigley, T.M., and Raker, E.J. (1995). Revascularization for chronic mesenteric ischemia: comparison of
operative arterial bypass grafting and percutaneous transluminal
angioplasty. J. Vasc. Interv. Radiol. 6: 339–349.
15 Oderich, G.S., Erdoes, L.S., Lesar, C. et al. (2013). Comparison of
covered stents versus bare metal stents for treatment of chronic

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

141

atherosclerotic mesenteric arterial disease. J. Vasc. Surg. 58:
1316–1323.
Silva, J.A., White, C.J., Collins, T.J. et al. (2006). Endovascular
therapy for chronic mesenteric ischemia. J. Am. Coll. Cardiol. 47:
944–950.
Atkins, M.D., Kwolek, C.J., LaMuraglia, G.M. et al. (2007). Surgical revascularization versus endovascular therapy for chronic
mesenteric ischemia: a comparative experience. J. Vasc. Surg. 45:
1162–1171.
Sarac, T.P., Altinel, O., Kashyap, V. et al. (2008). Endovascular
treatment of stenotic and occluded visceral arteries for chronic
mesenteric ischemia. J. Vasc. Surg. 47: 485–491.
Lee, R.W., Bakken, A.M., Palchik, E. et al. (2008). Long-term outcomes of endoluminal therapy for chronic atherosclerotic occlusive mesenteric disease. Ann. Vasc. Surg. 22: 541–654.
Dias, N.V., Acosta, S., Resch, T. et al. (2010). Mid-term outcome of
endovascular revascularization for chronic mesenteric ischaemia.
Br. J. Surg. 97: 195–201.
Peck, M.A., Conrad, M.F., Kwolek, C.J. et al. (2010).
Intermediate-term outcomes of endovascular treatment
for symptomatic chronic mesenteric ischemia. J. Vasc. Surg.
51: 140–147.
Fioole, B., van de Rest, H.J.M., Meijer, J.R.M. et al. (2010). Percutaenous transluminal angioplasty and stenting as first-choice
treatment in patients with chronic mesenteric ischemia. J. Vasc.
Surg. 51: 386–391.
McBride, K.D. and Gaines, P.A. (1994). Thrombolysis of a
partially occluding superior mesenteric artery thromboembolus
by infusion of streptokinase. Cardiovasc. Intervent. Radiol. 17:
164–166.
Gallego, A.M., Ramirez, P., Rodriguez, J.M. et al. (1996). Role of
urokinase in the superior mesenteric artery embolism. Surgery
120: 111–113.
Van Deinse, W.H., Zawacki, J.K., and Phillips, D. (1986). Treatment of acute mesenteric ischemia by percutaneous transluminal
angioplasty. Gastroenterology 91: 475–478.
Lim, R.P., Dowling, R.J., Mitchell, P.J. et al. (2005). Endovascular treatment of arterial mesenteric ischaemia: a retrospective
review. Australas. Radiol. 49: 467–475.
Lim, R.P., Dowling, R.J., and Thomson, K.R. (2004). Angioplasty and stenting of the superior mesenteric artery in acute
mesenteric ischaemia. Australas. Radiol. 48: 426–429.
Grilli, C.J., Fedele, C.R., Tahir, O.M. et al. (2014). Recanalization of chronic total occlusions of the superior mesenteric
artery in patients with chronic mesenteric ischemia: technical and clinical outcomes. J. Vasc. Interv. Radiol. 25:
1515–1522.
Landis, M.S., Rajan, D.K., Simons, M.E. et al. (2005). Percutaneous management of chronic mesenteric ischemia: outcomes
after intervention. J. Vasc. Interv. Radiol. 16: 1319–1325.
Sharafuddin, M.J., Nicholson, R.M., Kresowik, T.F. et al.
(2012). Endovascular recanalization of total occlusions of the
mesenteric and celiac arteries. J. Vasc. Surg. 55: 1674–1681.

142

Endovascular Interventions

31 Reuter, S.R. (1971). Accentuation of celiac compression by the
median arcuate ligament of the diaphragm during deep expiration. Radiology 98: 561–564.
32 Gentile, A.T., Moneta, G.L., Taylor, L.M. Jr. et al. (1994). Isolated
bypass to the superior mesenteric artery for intestinal ischemia.
Arch. Surg. 129: 926–931; discussion 31–32.
33 McAfee, M.K., Cherry, K.J. Jr., Naessens, J.M. et al. (1992).
Influence of complete revascularization on chronic mesenteric
ischemia. Am. J. Surg. 164: 220–224.
34 Foley, M.I., Moneta, G.L., Abou-Zamzam, A.M. Jr. et al.
(2000). Revascularization of the superior mesenteric artery
alone for treatment of intestinal ischemia. J. Vasc. Surg. 32:
37–47.
35 Johnston, K.W., Lindsay, T.F., Walker, P.M. et al. (1995). Mesenteric arterial bypass grafts: early and late results and suggested

36

37

38

39

surgical approach for chronic and acute mesenteric ischemia.
Surgery 118: 1–7.
Mateo, R.B., O’Hara, P.J., Hertzer, N.R. et al. (1999). Elective surgical treatment of symptomatic chronic mesenteric occlusive disease: early results and late outcomes. J. Vasc. Surg. 29: 821–831;
discussion 32.
Park, W.M., Cherry, K.J. Jr., Chua, H.K. et al. (2002). Current
results of open revascularization for chronic mesenteric ischemia:
a standard for comparison. J. Vasc. Surg. 35: 853–859.
Kougias, P., Huynh, T.T., and Lin, P.H. (2009). Clinical outcomes
of mesenteric artery stenting versus surgical revascularization in
chronic mesenteric ischemia. Int. Angiol. 28: 132–137.
Pecoraro, F., Rancic, Z., Lachat, M. et al. (2013). Chronic
mesenteric ischemia: critical review and guidelines for
management. Ann. Vasc. Surg. 27: 113–122.

CHAPTER 13

Catheter-Based Management of Peripheral
AVMs
Allan M. Conway1 , Alﬁo Carroccio1 and Robert J. Rosen2
1

Division of Vascular Surgery, Lenox Hill Hospital, Donald and Barbara Zucker School of Medicine at Hofstra/Northwell Health, New York, NY, USA
Division of Radiology, Lenox Hill Heart & Vascular Institute, Lenox Hill Hospital, Donald and Barbara Zucker School of Medicine at
Hofstra/Northwell Health, New York, NY, USA
2

Summary
• Proper diagnosis is key to treatment – the interventionalist must understand the range of conditions and their
natural history.
• Hemangiomas are benign endothelial tumors of
infancy, with a natural history of spontaneous involution; no specific treatment is required in most
cases.
• Vascular malformations are congenital lesions, usually
sporadic with no family history; they grow with the
individual and never involute spontaneously. They may
or may not require treatment.
• Vascular malformations can be high flow (arteriovenous shunting) or low flow (venous or lymphatic).
Clinical presentation and treatment is different for
each.
• High-flow arteriovenous malformation (AVMs) can
cause distal ischemia, venous hypertension, bleeding,
and rarely high output cardiac states. An asymptomatic
mass may not require any treatment.
• AVMs tend to grow with the individual and change
slowly over time; increased growth and symptoms may
be seen in female patients during puberty or pregnancy.
• Treatment of high-flow lesions must be directed
at reducing or eliminating the nidus; as in fistulas,
proximal occlusion of feeders is ineffective or worse.
• The approach to high-flow lesions is usually via
superselective catheterization and embolization using
adhesives (nBCA), casting agents (Onyx), or tissue
toxic agents (ethanol). If a small vessel nidus is present,

particles or microspheres may be used, although they
have a tendency to early recurrence.
• Low-flow lesions are usually treated by direct injection
of sclerosing agents (ethanol, Sotradecol (sodium
tetradecyl sulfate [STS]), etc.) under fluoroscopic or
ultrasound guidance.

Introduction
With the advancement of endovascular techniques
and therapies over recent years, the management of
patients with vascular malformations has changed.
Historically, extensive surgical resections yielded poor
results. Procedures carried great risk and were associated
with significant morbidity. The treatment paradigm
has now changed, and endovascular therapy, primarily
embolization and sclerotherapy, is the current first line
of treatment, however there still remains a role for traditional surgical techniques. A multidisciplinary approach
to the management of patients with vascular malformations has led to improved outcomes with reduced
morbidity.
Patients with vascular malformations are usually young
and healthy with a normal life span ahead of them. The
conditions are widely misdiagnosed and misunderstood,
and the interventionalist can be an invaluable source of
information and advice. Interventional techniques are
often the best or the only treatment option. The frustration lies in our inability to completely eradicate these
lesions in many patients, and the slow and incremental
improvement seen even when treatment is successful.
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Figure 13.1 Typical infantile hemangioma (classic “strawberry birthmark”).

There is a significant opportunity for interventionalists
to contribute greatly to the care of these patients and
dramatically improve quality of life.

Classiﬁcation of Vascular
Malformations
Vascular malformations represent a poorly understood
and confusing group of conditions. Much progress has
been made in the past 30 years. Successful treatment is
dependent on making an accurate diagnosis. While this
might seem obvious, the extent of misunderstanding of
these conditions among both the public and physicians
is remarkable. This is due to the relative rarity of these
problems in most physicians’ practices, as well as decades
of confusion and unclear terminology found in the
medical literature. Countless combinations of the terms
hemangioma, vascular malformation, congenital fistula,
and angioma have been applied to various lesions. This
has resulted in confusion among patients and physicians
in diagnosis, treatment, and prognosis.
“Vascular anomalies” encompass a heterogeneous
group of vascular lesions of unclear etiology often with
unpredictable behavior, and likely represents a multifactorial process. Patients with vascular anomalies have focal
aberrations of vascular development (vascular malformations) or vascular proliferation (hemangiomas). Vascular
malformations must not be confused with hemangiomas.
Though both represent vascular anomalies, the anatomic,
histologic, and pathophysiologic findings differ greatly,
as does their clinical course.
Hemangiomas are the most common tumor of childhood and represent benign growths of endothelial cells
[1]. They have a unique natural history, characterized by
a rapid growth phase usually beginning in the first few

weeks of life and continuing until 9–12 months of age. The
majority of hemangiomas undergo a spontaneous, gradual, but extensive involution. The diagnosis can be made
on the history and physical examination alone. The lesion
appears as a non-tender, slightly raised bright red lesion
with well-defined but irregular margins (Figure 13.1).
While embolization with microspheres has been utilized in the rare case of hepatic hemangiomas with high
flow, endovascular interventions are rarely required [2].
Most are of cosmetic concern only. Where complications
do occur (e.g. functional limitation of the airway, eye,
limb, cardiac complications, ulceration, bleeding, coagulopathy) propranolol may be administered. Propranolol
has been shown to inhibit growth and lead to regression
of these lesions [3]. Corticosteroids may also be used as
second-line therapy.
Vascular anomalies can be functionally divided into
two categories, largely based on their tendency to proliferate (Table 13.1). The separation of vascular anomalies
into proliferative lesions vs. static malformations
represents an important advance, as their prognosis and
management varies. Early detection, proper evaluation,
Table 13.1 Classiﬁcation of vascular anomalies.
Proliferative

Static vascular

vascular
lesions

lesions (vascular
malformations)

Hemangiomas
Kaposiform
hemangioendothelioma

Simple or combined
Arterial

Tufted angioma
Kaposi’s sarcoma
Angiosarcoma

Venous
Capillary
Lymphatic
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and appropriate diagnosis are essential, as these entities
are medically very different.
The most recent classification of vascular anomalies
adopted by the International Society for the Study of Vascular Anomalies (ISSVA) is reproduced in Table 13.1 [4].
For the purposes of the treating physician, we have found
that a fairly simple division of vascular malformations
into three categories is useful: (i) high-flow arteriovenous
malformations (AVMs), (ii) low-flow venous malformations, and (iii) lymphatic or mixed venous-lymphatic
malformations. Each of these categories represents a
distinct condition and is considered below.

Arteriovenous Malformations
Arteriovenous malformations (AVMs) are congenital
lesions resulting from a focal failure in embryonic vascular differentiation. The result ranges from high-flow
arteriovenous connections to low-flow lesions that may
be venous, lymphatic, or a combination of both. These
lesions are almost always isolated anomalies in otherwise
healthy individuals. In the vast majority of cases the
patient and family can be reassured that these are isolated
problems. A whole-body work-up looking for additional
lesions is not indicated, nor is concern about other family
members warranted. Nor can they be inherited.
While AVMs are by definition congenital, they may not
be manifest until later in childhood or even adulthood.
They grow along with the individual and, depending on
the size, flow, and location of the lesion, can present in
many ways. They may remain completely asymptomatic
or present as a mass, pain, bleeding, growth disturbance, ischemic changes, venous hypertension, and,
rarely, high output cardiac states, or failure (Figure 13.2).
Low-flow venous lesions tend to present with pain on
activity or dependency, soft tissue swelling, ulceration,

Figure 13.2 Ischemic ulceration of the thumb in a patient with a

high-flow AVM.
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and bleeding. Low-flow lesions may be seen as part
of congenital syndromes such as Klippel Trenaunay
syndrome. Accelerated growth or symptomatology of
vascular malformations in female patients may occur
at the time of puberty or pregnancy; this apparently
hormonally triggered growth is well documented but not
well understood. Trauma or intervention may also cause
a previously stable lesion to show an increase in size or
symptoms.
Treatment of vascular malformations is a complex and
controversial subject. There is general agreement that
asymptomatic lesions do not require treatment. Treatment is indicated when there is a significant mass, pain,
bleeding, ischemia, growth disturbance, or high output
cardiac state. Cosmetically disfiguring lesions should
not be considered asymptomatic, especially in children,
where there can be extremely damaging psychosocial
consequences [5].
For the purposes of treatment, high-flow and low-flow
lesions can be considered as distinct entities and are considered separately below.
Treatment of High-Flow AVMs
The goal in treating high-flow AVMs is to eliminate
the nidus. This low-pressure sump is the stimulus for
recurrence via collateral recruitment, and therefore the
goal must be to penetrate and occlude the actual nidus
of the lesion [6]. Similar to the treatment of arteriovenous fistulae, successful treatment involves isolating
and closing the actual site of the arteriovenous communication, not just occluding or ligating the feeding
artery. The complexity of the arterial supply in most
AVMs makes treating these lesions difficult and identification of the site of shunting is essential. Occluding
feeding vessels proximally is equivalent to proximal
surgical ligation and should not be performed as while
it may lead to an immediate satisfactory angiographic
result, collateral recruitment and recurrence of the
lesion are inevitable. This is then much more difficult to
treat, leading to significant impairment for the patient.
A highly individualized approach to each patient is
required.
There remains no ideal embolic agent for treating
high-flow AVMs. All of the available agents represent
compromises in terms of safety, effectiveness, or both.
Most particles or microspheres provide only temporary
results, with recurrences generally developing within
weeks to months. This approach may solve an acute
clinical problem, such as ischemia distal to a high-flow
nidus, without sacrificing access to the feeding trunk if
future treatment is required (Figure 13.3a,b). Some of the
newer microspheres, such as the superabsorbent polymer

146

Endovascular Interventions

(a)

(b)

Figure 13.3 (a) Patient with ischemic ulceration at base of toes due to

proximal shunting through AVM causing distal ischemia and venous
hypertension. (b) Lesion was devascularized with microspheres and
healing of ulcers occurred.

agents (SAPs), have shown more promising long-term
results and can also be made radiopaque [7].
Liquid agents offer an alternative to microspheres.
There are several currently available and these seem
to be an ideal solution for nidus obliteration. Absolute
ethanol was first used for tumor embolization, where it
proved to be effective at permanently occluding arteries
and causing necrosis. This agent is a direct tissue toxin
and works by causing acute thrombosis and endothelial
injury. Its use in AVM embolization was first reported in
1984 and it has subsequently been widely used clinically
[8, 9]. It is a highly effective agent, but must be used
with a great deal of caution due to its intrinsic toxicity.
When used intra-arterially, it must be injected superselectively into vessels leading only to the nidus of the
lesion as any tissues supplied by normal branches may be
severely injured, particularly skin, muscle, nerve tissue,
and viscera. There are reported complications of ethanol
including, but not limited to, skin necrosis, skin swelling,
neuropathy, pulmonary artery spasm, cardiac arrhythmia, and cardiopulmonary collapse [10, 11]. It is also
difficult to render ethanol radiopaque without impairing
its occlusive properties, so that careful test injections
of contrast before and after the ethanol injection are
essential to ensure proper distribution of the agent and
prevention of reflux.
Liquid acrylic adhesives have been used as a treatment
for AVMs for nearly 30 years [12, 13]. More recently,

n-butyl-2-cyanoacrylate (nBCA) (Trufill; Codman
Johnson & Johnson, Raynham, MA, USA), has been the
preferred compound. It is non-toxic and has the ability to
form a large vessel cast using small amounts of the agent.
It polymerizes almost instantaneously on contact with
any ionic medium, including saline, contrast, blood, and
tissue. It is considered a permanent agent, however it has
been observed to leach away over a period of months to
years in some cases. It is generally used in combination
with Ethiodol (Savage Laboratories, Melville, NY, USA),
an oily contrast agent, which both retards polymerization
and provides radiopacity (Figure 13.4).
In vitro tests of various ratios of oil and acrylic agent
showed that the time of polymerization could be modified. However, in vivo there is less predictability to this
modification. This is further compounded by the unpredictability of variations in blood flow as distal occlusion
occurs. These adhesive agents are low in viscosity and
can be used through microcatheters. They can also be
administered through 22 g needles in direct puncture
applications (Figure 13.5). When used through a microcatheter, the agent is typically injected by the so-called
“push” technique. In the push technique, an aliquot of
adhesive smaller than the capacity of the microcatheter is
delivered by pushing it through the catheter with a bolus
of 5% dextrose in water, thus propelling the adhesive
further toward the nidus and clearing the catheter tip
of adhesive. When using this technique, the average
deposition of adhesive per injection ranges between 0.2
and 0.8 cm3 . While the volume of glue is small, a much
larger cast is obtained due to the incorporation of blood
elements (Figure 13.6).
Caution must be exercised in terms of adhesive adhering to the tip of the microcatheter when it is withdrawn.
The outer co-axial catheter should always be selective
enough that it can be used to “peel” any adhering agent
off the microcatheter as it is withdrawn without risk of
embolization into normal territories. Gluing catheters
in place virtually never occurs outside the intracranial
circulation, as the microcatheters have much greater
tensile strength than the glue cast and detach easily with
a quick tug on the microcatheter.
Another liquid embolic agent, Onyx (ethylene vinyl
alcohol copolymer) (Medtronic, Minneapolis, MN,
USA), has been recently introduced and has also shown
significant promise in treating high-flow lesions. This is
a “precipitating”, rather than an adhesive agent, forming
a soft non-adherent cast as it is injected over a period
of several minutes, permitting prolonged controlled
injection with gradual filling of the nidus. While it is only
approved for central nervous system (CNS) AVMs use to
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Figure 13.4 nBCA “glue” set-up includes separate preparation area, ethiodol (for opacification and to slow polymerization), and 5% dextrose

in water as a flush solution.

(a)

(b)

Figure 13.5 nBCA delivery technique: (a) co-axial microcatheter and (b) small caliber needle.

date in the United States, there have been several early
reports of good clinical results when used elsewhere in
the body in high-flow lesions [14].
Up to 20% of high-flow AVMs have a dominant outflow
vein (DOV). Recently, reports of a transvenous approach
to occlude the DOV have emerged in the literature
[15, 16]. Occlusion of the venous outflow reduces flow
through the nidus, leading to thrombosis. Simultaneous
transcatheter arterial embolization or direct puncture of

the nidus can be performed to further aid eradication
of flow within the nidus. Jackson et al. demonstrated
successful treatment of four AVMs with a DOV using
ethanol and nBCA via a transvenous approach [17].
Transvenous coil embolization allows for stabilization
of the thrombosis that forms in the DOV. The use of
newer macro occluding devices, such as Amplatzer Vascular Plugs, can be deployed successfully in the DOV.
While this is advantageous in AVMs involving deeper
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(a)

(b)

(c)

Figure 13.6 (a) Angiogram of lower extremity demonstrating high-flow AVM of the foot supplied by branches of the anterior and posterior
tibial artery. (b) Direct puncture administration of 0.2 cm3 of nBCA. (c) Post-embolization angiogram showing reduced flow through the AVM
nidus with preservation of normal branches.

structures, such as in the pelvis, the use in superficial
lesions in the extremities may lead to a cosmetically
unsatisfactory result. In these settings we prefer the
use of coils and liquid embolic agents. Concurrent use
of liquid embolic agents via a transcatheter or direct
puncture approach aids in completing the occlusion of
the draining vein, which generally results in non-filling
of arterial feeding branches to the nidus. When this type
of favorable anatomy exists, venous embolization is an
effective way to achieve cure both angiographically as
well as clinically (Figure 13.7).
Treatment of Low-Flow AVMs
Low-flow lesions are much more common than high-flow,
probably by a ratio of approximately five to one. Most
are venous, although purely lymphatic and mixed
venous-lymphatic lesions occur. They can occur anywhere in the body and may present with pain, mass, soft
tissue swelling, ulceration, spontaneous thrombosis, or
bleeding.
Symptoms of pain, swelling, and heaviness are typically
experienced as these lesions fill and empty depending on
position and activity. The malformation is typically composed of abnormal venous channels or a spongy (“cavernous”) architecture. Surgical resection may be curative,
but these lesions are notorious for being more extensive
than is appreciated on physical examination, as well as
having an extremely high likelihood of recurrence.
The diagnosis of venous malformations is generally
simple when the lesion is accessible to physical examination, presenting as a soft, spongy mass that fills and
empties either by manual compression or change in

dependency. Extremely superficial lesions may also
present with spontaneous ulceration and bleeding. No
pulsation or thrill is palpable, and these lesions are
non-tender except when complicated by the inflammatory changes of superimposed thrombosis. Bead-like
nodules (phleboliths) may be palpated, representing
calcified sites of prior thrombosis. These are clearly identified on plain films and are pathognomonic of purely
venous malformations.
Imaging studies may be required to diagnose deeper
lesions, such as intramuscular malformations. Ultrasound
studies will demonstrate a complex slow flow fluid-filled
mass that is compressible, while computed tomography
with contrast will show a slowly enhancing soft tissue
mass. Magnetic resonance imaging (MRI) remains the
gold standard imaging modality. Lesions appear as a
bright signal on T imaging sequences (Figure 13.8).
Endovascular approaches to low-flow venous malformations consist of forms of sclerotherapy. The goal is to
thrombose the lesion and damage the endothelial lining
so that as the clot is reabsorbed, fibrosis develops. Early
attempts at embolizing the normal appearing arteries
supplying the area of the venous malformation were
found to be ineffective. As such, an arterial approach is
warranted only when there is an angiographically demonstrable arterial component. There is still controversy as to
whether routine angiography is warranted in lesions that
appear purely venous on cross-sectional and ultrasound
imaging. There are unusual cases where an unsuspected
arterial component is identified, and there may be utility
in opacifying a venous lesion using a selective high-dose
study to identify targets for direct puncture embolization.
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(a)

(b)

(c)

(d)
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Figure 13.7 (a) Patient with a high-flow AVM of the upper extremity, with anatomy demonstrating a dominant outflow vein. (b) The outflow
vein was accessed via a transfemoral venous approach and coiled. (c) Direct puncture embolization of the nidus was then performed. (d)
Completion angiogram demonstrated normal filling of arterial branches and absent flow through the AVM.

Figure 13.8 MRI of intramuscular venous malformation involving

the forearm. Findings typical of a well-defined slow flow lesion.

The technique of direct puncture embolization is fairly
simple and is an extension of the direct puncture technique first used to study these lesions [18]. The lesion
is entered directly with either a sheathed or a micropuncture needle until blood return is noted, which may
be quite slow. Contrast is slowly hand-injected under
fluoroscopic guidance, usually demonstrating “fluffy”
appearing spaces, although some lesions will contain
more vein-like tubular channels (Figure 13.9).
When the capacity of the lesion has been reached, one
or more normal-appearing draining veins will usually
begin to fill and this connects to the normal deep veins of
the anatomic region. Some lesions will fill in their entirety
from one injection point, while others contain multiple
non-communicating compartments. In such circumstances, each compartment must be entered separately.
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Figure 13.9 Direct puncture study of venous malformation of the
lower extremity with a 22 g micropuncture needle. When blood
return is observed, contrast injection is made under fluoroscopic
guidance. Typical findings include irregular vascular spaces with
eventual filling of draining venous channels, which connect to
regional deep veins.

Once the capacity of the lesion or compartment has been
reached, the contrast is allowed to drain passively. The
sclerosing agent is then slowly injected under fluoroscopic control; it is desirable to add a small amount of
a radiopaque agent (aqueous or oily) to the sclerosing
agent in order to monitor its distribution and ensure
continued proper catheter position during the injection.
Alternatively, other authors use non-opaque agents after
the initial contrast study, feeling that the contrast will
reduce the sclerosant effect. As thrombosis occurs, the
lesion will become enlarged and firm.
It is often necessary to use some sort of compression
to keep the sclerosant within the lesion. This can be done
with an automatic tourniquet applied to the extremity,
inflated above diastolic but lower than systolic pressure. If
the draining vein is accessible to direct compression, this
can also be done using a gloved hand or pressure with
a surgical clamp. In general, it is advisable to maintain

outflow control for at least 20 minutes following the
injection and to observe the contrast in the lesion fluoroscopically as pressure is released to ensure that the
sclerosant is not going to enter the draining veins. A
significant escape of the sclerosant not only presents a
risk of deep vein thrombosis, but can also have dramatic
cardiovascular effects if a large bolus reaches the central
circulation [19].
We routinely perform these procedures under anesthesia, due to both the discomfort of injection as well as the
closer physiologic monitoring provided by an attending
anesthesiologist. Another safety measure is limiting the
volume of sclerosant injection based on body weight;
most authors advocate a maximum dose of 0.5 cm3
per kilogram for both ethanol and Sotradecol (sodium
tetradecyl sulfate, STS) (AngioDynamics, Latham, NY,
USA). STS has gained popularity in recent years. It is
prepared as foam, which increases surface contact and
sclerosant effect (Figure 13.10) [20].
In our experience, STS also appears to have a reduced
level of neurotoxicity and less likelihood of skin ulceration
in comparison to ethanol. It is available in various concentrations from 1% to 3%. We generally employ the 3% concentration for deep lesions and the 1% for lesions that have
a superficial component with thin or atrophic overlying
skin. In these circumstances the risk of ulceration is much
greater. Another safety measure we have found useful in
extremity lesions is starting an intravenous line distal to
the lesion and infusing a dilute solution of heparinized
saline continuously. This reduces the risk of causing deep
vein thrombosis due to spillage of the sclerosant into the
deep system. One final protective measure is the injection

Figure 13.10 Sotradecol (sodium tetradecyl sulfate) is now commonly used for sclerotherapy of venous malformations. When prepared as foam (as above), there is greater surface contact throughout
the malformation and more intense thrombosis.
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of a small amount of collagen suspension (Surgiflo Hemostatic Matrix Kit, Ethicon, Somerville, NJ) as each catheter
is withdrawn, which not only provides hemostasis at the
injection site but also reduces the risk of ulceration due to
the agent tracking back to the skin entry site.
After the direct embolization is complete, lesions accessible to palpation will be larger and quite firm, although
there is usually a minimal degree of pain or tenderness.
Some interventionalists allow swelling to occur freely,
while others advocate wrapping the site with an elastic
bandage. In either case, elevation of the extremity for
24–48 hours, as well as a short course of tapering steroids,
will reduce the amount of swelling. Caution is required
when treating intramuscular extremity lesions in the calf
or forearm due to the risk of compartment syndrome.
More frequent but less aggressive treatment in terms of
the area treated and the dose of sclerosant is advisable in
these locations, and patients at risk should be monitored
closely post procedure.
It generally requires four to six weeks in order to judge
the result of a given treatment, and we generally will not
space multiple treatments closer than six to eight weeks
apart for this reason. The total number of treatments is
difficult to predict, but can range from one to ten and
in extensive cases even more. Most patients will require
approximately three. It must be kept in mind that the goal
of treatment is elimination or reduction in symptoms
and not complete radiologic eradication, as these are
benign conditions which would require no treatment if
asymptomatic.
Klippel Trenaunay syndrome (KTS), first described
in 1900, is a well-known complex venous malformation
that generally involves a single extremity, usually the
leg [21]. The syndrome is congenital but not genetically
transmitted, and generally occurs in otherwise healthy
individuals. It consists of a capillary venous malformation
(“port wine stain”), varicose veins, and limb hypertrophy.
Dysplastic veins, sometimes associated with hypoplasia
of the normal deep system, are not uncommon. Bone and
soft tissue abnormalities, including overgrowth or undergrowth, can also occur (Figure 13.11). Some patients will
also have a patent vena marginalis lateralis (“KT vein”),
a persistent embryonic draining vein that ascends along
the lateral aspect of the leg and can be associated with
reflux and swelling. The mildest forms of KTS appear as
unilateral varicose veins in an extremity, while the most
severe forms can extend into the pelvis and abdomen with
potentially life-threatening complications. By definition
these are purely venous lesions with no high-flow component, however there are variants such as Parkes Weber
syndrome where arteriovenous shunting is present [22].
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Figure 13.11 Typical findings of Klippel Trenaunay syndrome.

Treatment is difficult and is usually conservative, consisting of support stockings and elevation of the extremity
at night. There is a role for interventional techniques in
some lesions with a significant cavernous component,
where sclerotherapy can be effective. Endovenous techniques (laser, radiofrequency ablation) have also been
used in treating abnormal venous channels, especially for
occluding the KT vein, however these have had limited
application given the superficial setting of this vein and
the risk for skin discoloration [23]. We prefer to embolize
the KT vein with detachable coils and liquid embolic
agents. It is essential to image the status of the deep
venous system prior to any intervention in order to rule
out hypoplastic or absent deep veins. This is typically performed with ultrasonography or a diagnostic venogram.
In this situation, ablating the abnormal channels may
result in marked worsening of the clinical situation.

Lymphatic and Mixed
Malformations
Lymphatic malformations can occur anywhere in the
body and can be divided into the following subcategories:
(i) macrocystic lesions (e.g. the classic cystic hygroma
in the neck), (ii) infiltrative microcystic lesions, and (iii)
cutaneous lesions (Figure 13.12). In some patients there
can be low-flow lesions with mixed venous and lymphatic
components, known as “venolymphatic malformations.”
One of the hallmarks of lymphatic lesions is their tendency to infection, with frequent fevers and signs of
cellulitis.
Lymphatic malformations can be among the most
difficult to treat successfully. Large cystic lesions can be
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(a)

(b)

Figure 13.12 MRI scan demonstrating (a) macrocystic lymphatic malformation and (b) microcystic lymphatic malformation.

treated with drainage and sclerotherapy, using standard
sclerosants or more specialized agents such as OK 432,
derived from streptococcal cultures [24]. Infiltrative
lesions may require sclerotherapy or surgical resection.
More superficial lesions may be amenable to resection
and skin grafting, as well as surface laser treatment.
Congenital lymphedema syndromes, which may occur
with or without focal lesions, are most effectively managed with compression and massage therapy as well as
custom-fitted support garments.

Conclusion
Vascular malformations represent a rare group of disorders and remain poorly understood and misdiagnosed.
Endovascular techniques provide the best option for
treatment. Vascular malformations can be categorized
as high-flow AVMs, low-flow venous malformations,
and lymphatic or mixed venous-lymphatic malformations. It is important to correctly diagnose these lesions
so that appropriate treatment can be administered
where necessary. This typically involves embolization through an arterial, venous or direct puncture
approach.
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Aortoiliac Interventions
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Introduction
This chapter provides a focused review on practical
aspects of planning and performing endovascular treatment for aortoiliac peripheral artery disease (PAD). These
include (i) imaging, (ii) vascular access, (iii) balloons,
stents, and covered stents for aortoiliac interventions, (iv)
crossing and treatment of aortoiliac occlusive disease,
(v) hybrid intervention for iliofemoral occlusions, and
(vi) managing aortoiliac intervention complications.
Fundamental knowledge of these aspects of aortoiliac
intervention are not only relevant for diagnosis and treatment of patients with symptomatic PAD, it is important
for operators during large caliber sheath management for
coronary, hemodynamic support, and structural heart
interventions.

Imaging
Either one or more of the following modalities can
accomplish imaging of aortoiliac arteries: conventional
digital subtraction angiography (DSA), intravascular
ultrasound (IVUS), computed tomographic angiography
(CTA), magnetic resonance angiography (MRA), and
duplex ultrasonography (DUS) [1].
DSA
DSA imaging of the aortoiliac arteries is performed with
a 5–6 Fr pigtail catheter placed in the distal infrarenal
aorta ∼1.5–2 cm above the aortic bifurcation. Placement
of the pigtail catheter can be via the retrograde common
femoral, left or right brachial or radial arteries. Often
two or more simultaneous injections of intra-arterial
iodinated contrast are performed to delineate proximal
and distal arterial segments of occlusive aortoiliac lesions.
In conscious patients, a breath-hold is initiated during

DSA. With advanced digital angiography (DA), images
similar in quality to DSA can be obtained. To visualize
aortoiliac disease, an image field of more than 30 cm is
generally preferred. This is important to identify accessory renal arteries that may originate from the infrarenal
aorta or from the common iliac arteries [2]. Generally
aortoiliac angiography identifies the abdominal aorta,
lumbar branch, inferior mesenteric artery, median sacral
artery, common iliac artery (CIA), internal iliac artery
(IIA), superior and inferior gluteal arteries, external
iliac artery (EIA), deep circumflex iliac artery, inferior
epigastric artery, and common femoral artery (CFA;
Figure 14.1). Knowledge of this vascular anatomy is
important for safe and successful navigation of guide
wires and catheters during imaging and intervention particularly of complex aortoiliac disease involving chronic
total occlusions (CTOs) and/or extensive calcification.
Given the retroperitoneal location and tortuosity of the
aortoiliac arteries, it is important not only to obtain
anterior-posterior, but contralateral views for thorough
delineation of calcified, tortuous, or occluded arteries.
Contralateral projections are most important for defining
lesions of the EIAs. Contralateral-lateral projections for
the EIAs and ipsilateral-lateral projections for imaging
the CFA bifurcation are essential during DA or DSA
of the aortoiliac arteries [3]. Often a marker catheter
is placed from the contralateral femoral access site to
indicate target lesion length and the location of the renal
artery ostia during aortoiliac artery intervention.
Hemodynamic Assessment
There is a role for translesional pressure gradient assessment of iliac artery lesions of uncertain severity by
angiography. A peak systolic pressure gradient of
>10 mmHg or a mean pressure gradient >5 mmHg
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exposure for patients, suboptimal imaging of calcified
vessels with overestimation of the stenoses severity.
Despite these limitations, MSCTA (generally 64 slice)
may be a convenient non-invasive alternative to DSA in
the diagnosis of PAD.
IEA
Best Target

PFA

SFA

Figure 14.1 Arrow shows the best target, the common femoral

artery (CFA).

is considered significant. A translesional peak systolic
gradient of 10–15 mmHg after injection of intra-arterial
vasodilators such as nitroglycerine is also considered
significant. Current American College of Cardiology and
American Heart Association (ACC/AHA) guidelines
endorse such hemodynamic assessment of iliac arterial
stenoses ranging between 50% and 75% by angiography
to justify an intervention [4].
IVUS
In patients with chronic kidney disease (CKD), IVUS
imaging of aortoiliac arteries can be obtained. IVUS
may also aid in the evaluation of tortuous iliac arteries,
eccentric lesions, and post-angioplasty or stent results [5].
The most commonly used IVUS system for this purpose
is the Visions PV (Philips, Andover, MA) 0.035 digital
IVUS catheter. It helps evaluate vascular morphology in
iliac vessels and provides cross-sectional imaging. With
a 90-cm length and 60 mm maximum imaging diameter
this 0.035-in. guide wire and 8F sheath compatible IVUS
imaging catheter can be a useful aid during diagnosis and
endovascular treatment of aortoiliac PAD.
CTA
Non-invasive imaging of aortoiliac PAD is commonly
employed in clinical practice. It offers important advantages over conventional DA or DSA. Most common
amongst such techniques are CTA and MRA. Multi-slice
(16 or 64 slice) CTA (MSCTA) has practically replaced
single-slice CTA in everyday clinical practice. It allows
imaging of aortoiliac vascular segments with a single
breath hold and thinner slice sections at higher speeds,
greater temporal and spatial resolutions, and with lower
contrast volumes [6]. It is limited by high radiation dose

MRA
Three-dimensional gadolinium contrast enhanced MRA
with multiplanar reconstruction has high sensitivity
(97%) and specificity (92%) for the diagnosis of aortoiliac
PAD. However, it has a limited role in delineating in-stent
restenosis (ISR) due to image distortions generated
by intravascular stents. Nitinol stents however, result
in significantly less image distortion compared with
stainless steel stents. In addition, band-like artifacts and
false luminal narrowing are known aberrations associated with MRA imaging [7]. In addition, nephrogenic
systemic fibrosis is a rare complication of gadolinium
exposure in patients with renal insufficiency [8].
DUS
DUS of aortoiliac arteries is a relatively inexpensive
non-invasive imaging modality. It is limited by patient
obesity and the presence of bowel gas, and has a high
degree of operator dependence. Use of color Doppler
enhances the sensitivity and specificity of DUS for detecting aortoiliac PAD. Its role in interventional planning is
generally limited to vascular access.

Vascular Access
Radial or brachial artery access predominantly from the
left upper extremity can be used during iliac artery intervention. Although this approach is infrequently used,
knowledge and experience with this access can be invaluable during ostial or proximal occlusions of the common
iliac arteries, distal aortic occlusion, engagement of
aortofemoral grafts, and in scenarios when a crossover
CFA access and delivery of sheath cannot be accomplished due to iliac artery tortuosity and/or pre-existing
stents [9]. Generally, a 90-cm sheath is placed over a
0.035-in. guide wire into the distal aorta from the left
brachial artery access. A multipurpose guiding catheter
can then be used to direct the catheter into the stump of
a proximally occluded CIA. Operators need to be aware
of the requirements of lesion crossing, balloon angioplasty, and stent delivery shaft lengths when performing
such interventions. Given the growing interest in radial
artery access for peripheral artery imaging, specialized
catheters of extended lengths (130–150 cm) have been
recently launched.
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Figure 14.2 Contralateral CFA access. Arrow shows the crossover CFA access catheter.

Ipsilateral and/or contralateral CFA access during
aortoiliac artery intervention is most commonly
employed [9]. Careful planning of arterial access during
aortoiliac intervention is one of the most critical aspects
of the procedure. It should be undertaken to optimize
imaging of the target lesion(s) during crossing, delivery
of the vascular sheath, guide positioning of balloons and
stents, post-stent deployment imaging, and management
of procedural complications. The size and length of the
vascular sheath should be selected based on the caliber of
the CFAs, the caliber of imaging and crossing catheters,
the type and diameter of balloons and stents, and selection of a bailout strategy. In the case of Transatlantic
Consensus Classification (TASC) II type A or B lesions,
only retrograde sheath injection may be used. If bilateral
iliac arteries are involved, without CIA ostial involvement,
intervention can proceed via a retrograde and crossover
antegrade approach from a contralateral CFA access
(Figure 14.2). CFA access during aortoiliac interventions
should be obtained using ultrasound (US) guidance.
During CTO intervention of the CIA with or without EIA
disease, bidirectional wiring via an ipsilateral retrograde
approach in conjunction with an antegrade approach
from the contralateral CFA or from the left brachial or
radial artery is essential for successful crossing. Mastering
the retrograde contralateral CFA access and crossover
antegrade delivery of a 45-cm sheath is essential for interventions of the iliac, femoropopliteal (FP), and below the
knee (BTK) arteries. Engagement of the iliac bifurcation
with a reverse curve catheter such as a RIM catheter
(Cook Medical, Bloomington, IN), followed by careful

wiring of the contralateral iliac arteries with a 0.035-in.
guide wire advanced into the superficial femoral artery
(SFA) or profunda femoral artery (PF) are often essential for delivering a crossover sheath. More advanced
techniques like switching to a more supportive guide
wire, telescoping a 0.035-in. catheter within the sheath or
contralateral iliac, SFA or PF anchor-balloon technique
may be needed to provide the necessary support or
traction to deliver a crossover sheath though a tortuous,
calcified or stented CIA or EIA (Figure 14.3) [10].

Figure 14.3 Arrow shows an anchor-balloon in the external iliac

artery.
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Type A lesions:
∙ Unilateral or bilateral stenoses of CIA
∙ Unilateral or bilateral single short (≤3 cm) stenosis of EIA

Type B lesions:
∙ Short (≤3 cm) stenosis of infrarenal aorta
∙ Unilateral CIA occlusion
∙ Single or multiple stenosis totaling 3–10 cm involving the
EIA not extending into the CFA
∙ Unilateral EIA occlusion not involving the origins of
internal iliac or CFA

Type C lesions:
∙ Bilateral CIA occlusions
∙ Bilateral EIA stenoses 3–10 cm long not extending into
the CFA
∙ Unilateral EIA stenosis extending into the CFA
∙ Unilateral EIA occlusion that involves the origins of
internal iliac and/or CFA
∙ Heavily calcified unilateral EIA occlusion with or without
involvement of origins of internal iliac and/or CFA

Type D lesions:
∙ Infrarenal aortoiliac occlusion
∙ Diffuse disease involving the aorta and both iliac arteries
requiring treatment
∙ Diffuse multiple stenoses involving the unilateral CIA,
EIA, and CFA
∙ Unilateral occlusions of both CIA and EIA
∙ Bilateral occlusions of EIA
∙ Iliac stenoses in patients with AAA requiring treatment
and not amenable to endograft placement or other
lesions requiring open aortic or iliac surgery

Figure 14.4 TASC classification of aortoiliac lesions. Source: Inter-Society Consensus for the Management of Peripheral Arterial Disease

(TASC II).
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Contiguous iliac artery disease with severe distal aortic or CFA occlusions present a significant challenge
for endovascular revascularization and often require
brachial or retrograde infrainguinal artery (mainly SFA
or popliteal) artery access or hybrid revascularization
strategies.

Balloons, Stents, and Covered
Stents for Aortoiliac Interventions
General Strategy
Although the TASC classification of aortoiliac lesions
and recommended treatment strategies may be considered outdated, it provides a systematic framework to
classify such lesions [11]. The classification is depicted
in Figure 14.4. TASC II recommends endovascular
treatment for TASC A and B lesions and surgical therapy for TASC C and D lesions. Increasingly, TASC II
C and D lesions are being managed via endovascular
interventions. Approved indications for aortoiliac intervention are summarized in the 2014 Society of Coronary
Angiography and Intervention (SCAI) expert consensus
statement for aortoiliac arterial intervention appropriate
use (Table 14.1).
Table 14.1 Indications for aortoiliac intervention.
Aortoiliac intervention is considered appropriate for:
1. ≥50% stenosis or a mean translesional gradient >5 mmHg of
the distal abdominal aorta or common iliac artery in patients
with moderate claudication or major tissue loss despite optimal medical and supervised exercise therapy.
2. ≥50% stenosis or a mean translesional gradient >5 mmHg of
the external or internal iliac arteries in patients with moderate
to severe buttock, hip, or calf claudication or major tissue loss
despite optimal medical and supervised exercise therapy.
3. Presence of signiﬁcant aortoiliac disease stenosis in asymptomatic patients requiring placement of large caliber sheaths
for mechanical circulatory support, transcatheter cardiac
valvular therapies, etc.
Aortoiliac intervention may be appropriate for:
1. ≥50% stenosis in patients with lifestyle-limiting claudication
who have not failed a medical and/or exercise therapy trial,
but with a risk/beneﬁt ratio favoring an intervention.
2. Patients with an internal iliac artery stenosis ≥50% in severity
with vasculogenic erectile dysfunction.
Source: Klein et al. [12].
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Crossing
Crossing of non-occlusive aortoiliac lesions is usually
accomplished with the 0.89-mm (0.035 in.) hydrophiliccoated Glidewire (Terumo, Somerset, NJ) supported by
a straight or angled support catheter. A support catheter
prevents buckling of the guide wire and allows better
directional control and easy wire exchanges. Often,
0.018-in. or 0.014-in. guide wires along with appropriate support catheters may be needed to cross severely
stenosed or occlusive aortoiliac lesions. Following successful crossing, such wires should be exchanged for
more supportive 0.035-in. guide wires (e.g. Supracore
[Abbott Vascular, Santa Clara, CA] or Magic Torque
[Boston Scientific, Maple Grove, MN]).
Balloon Angioplasty
Stenting of aortoiliac lesions has been universally adopted
after initial pre-dilatation, but no definitive superiority
of this approach over provisional stenting for failed
or suboptimal balloon angioplasty (PTA) has been
demonstrated. The Dutch Iliac Stent Trial reported that
provisional stenting for angioplasty failure of iliac arteries
in patients with intermittent claudication yielded similar
technical results as primary stenting and avoids stenting
in approximately 60% of patients [13]. However, more
recent studies have indicated that nearly 40% of patients
treated with PTA alone have a significant residual stenosis
requiring stenting [14]. Furthermore, long-term patency
of stenting has been shown to be superior to PTA, with
similar complication rates in a meta-analysis of 14 studies
[15]. Although Scheinert et al. have reported 90% success
and <1% risk of distal embolization with direct stenting
in iliac artery CTOs, the recommended practice is to
perform careful pre-dilation of iliac lesions with a nominally undersized balloon in order to minimize the risk of
arterial dissection and perforation [16]. This approach is
most favorable for calcified lesions as lesion compliance
should be tested and prepared well in advance of stent
implantation. Aggressive post-dilation within implanted
non-covered stents, especially in the EIA location, can
result in perforations (Figure 14.5). At the same time,
gross undersizing of pre-dilation balloons does not allow
an appropriate assessment of lesion compliance prior
to stenting. A 20% undersized balloon pre-dilatation
with respect to the reference vessel diameter provides an
adequate assessment of calcified lesion compliance. IVUS
can also be used to assess the lesion for the presence
of intimal or deep wall calcification, reference vessel
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pressure gradients could be measured, with a goal of
<10 mmHg residual peak resting or post-hyperemia
gradient.
Stenting
There are three major categories of stents for aortoiliac
lesions: balloon-expandable, self-expanding, and covered
stents. Short iliac artery occlusions or stenoses can be
effectively treated with stents with durable results (>90%
patency at three years and >70% at 10 years) [14].

Figure 14.5 Arrow shows balloon perforation in the external iliac
artery from an oversized balloon.

diameters proximal and distal to the stenosis, post-PTA
lesion assessment for dissections, stent sizing and stent
post-dilatation. There is limited data on the use of cutting
or scoring balloons in aortoiliac lesions, however these
devices have been used for treatment of ISR. Limited
sedation should be used during iliac intervention, with
careful attention paid during balloon expansion to patient
complaints of pain. Additional balloon expansion should
be avoided with the onset of pain to avoid iliac perforation or rupture. Slow and sequential upsizing of balloon
diameters is generally recommended in such situations
while dealing with calcified and non-dilatable iliac artery
lesions. Following PTA, aortoiliac lesions should be
carefully evaluated for perforations, dissections, recoil
and residual diameter stenosis, plaque shifts, and distal
embolization [13]. Especially in the EIA, post-PTA dissections can extend far from the site of balloon dilation
due to the acute angulations and tortuosities inherent to
this artery. A 1 : 1 sizing for both balloon-expandable and
self-expanding stents is recommended. Post-intervention

Balloon Expandable Stents
These stents (stainless-steel or cobalt-chromium) possess
high radial strength and are preferred for treatment of
CIA lesions that are typically calcified. They can be precisely placed and therefore are well suited for aortoiliac
bifurcation or ostial lesions where proximal and distal
positioning is critical [15]. However, balloon-expandable
stents have a higher propensity for edge dissection, perforation, and shortening, and because they are inflexible
are less conformable to the arterial anatomy, especially
of the EIAs. Cobalt-chromium balloon expandable stents
(Assurant [Medtronic, Minneapolis, MN] and Omnilink
[Abbott Vascular, Santa Clara, CA]) are more flexible
than the stainless-steel variants such as Express LD
(Boston Scientific, Maple Grove, MN) and are associated
with less foreshortening after deployment.
PTA and stenting of the aortoiliac artery bifurcation
has the potential risk of plaque shift into the contralateral artery, therefore kissing stent or balloon techniques
are widely used. During kissing stent placement, stent sizing, inflation sequence, and maximum inflation pressure
and deflation should be carefully monitored and synchronized for both iliac artery limbs [16].
Self-Expanding Stents
These stents are made of nitinol, a nickel-titanium alloy.
They are highly flexible, have lower radial strength
compared with balloon expandable stents, and have an
outward expansive property upon release or unsheathing
[17]. Because of these properties self-expanding stents
are generally reserved for the more tortuous EIAs. They
are also associated with a lower risk of vessel perforation
compared with balloon expandable stents. However, precise placement during deployment may be challenging,
therefore these devices are not well suited to treat aortoiliac bifurcation lesions. In addition, crossover sheath
deployment through ostially positioned self-expanding
stents can be extremely challenging. As self-expanding
stents cannot be dilated beyond their designated diameters, careful attention should be paid to their initial
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sizing. Self-expanding stents should never be undersized
to avoid malposition. Improved design (Linear Cells
Zilver Flex, Cook Medical, Bloomington, IN), deployment mechanisms (Absolute Pro [Abbott Vascular, Santa
Clara, CA], Complete SE [Medtronic, Minneapolis,
MN]), incorporation of radio-opaque markers, SMART
(Cordis, Santa Clara, CA) and Flared Ends Lifestar, (Bard
[Tempe, AZ]) have addressed many of the limitations
associated with self-expanding stents.
A recently published multi-center study of patients
with symptomatic common or EIA occlusive disease
(16.5% CTO) randomized patients in a 1 : 1 fashion to
either balloon expanding or self-expanding stents [18].
The primary endpoint of 12-month binary restenosis determined by DUS was 6.1% after self-expanding
stent implantation and 14.9% after balloon expanding
implantation (p = 0.006). Kaplan–Meier estimates of
freedom from target lesion revascularization (TLR) were
97.2% and 93.6%, respectively (p = 0.042). There was no
difference in walking impairment, hemodynamic success, amputation rate, all-cause death, or periprocedural
complications.
Covered Stents
These stents have polytetrafluoroethylene (PTFE) synthetic material surrounding a metallic stent. Covered
stents therefore prevent intimal growth within the stent
lumen; they exclude aneurysms and side branches,
and seal perforations when encountered [19]. Another
common indication for covered stent placement is
ISR. However, exclusion of side branches by the PTFE
or Dacron coating renders these stents more prone
to thrombosis, especially in the setting of suboptimal
outflow.
In the Comparison of Covered vs Bare Expandable
Stents for the Treatment of Aortoiliac Occlusive Disease
(COBEST) trial, lesions treated with a covered iCAST
stent (Atrium, Hudson, NH) were significantly more
likely to remain free from binary restenosis than those
treated with a bare-metal stent (hazard ratio or HR: 0.35;
95% confidence interval or CI: 0.15–0.82; p = 0.02) [20].
A recent meta-analysis compiling evidence from four
studies between 2010 and 2015 reported similar complications, as well as primary and secondary patency rates
for covered and bare-metal (uncovered) stents [21]. Aortoiliac lesions treated with a covered stent required fewer
re-interventions than those treated with a bare metal stent
(BMS) (pooled odds ratio or OR: 0.19; 95% CI: 0.09 to
0.42, p < 0.001). The primary patency rates for aortoiliac
disease in the covered and BMS groups in this analysis
were 85.9% and 80.4%, respectively. The primary patency
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for covered stent in this meta-analysis, however, is much
lower than that reported by Wiesinger et al. [22] (92.0%
at 6 months and 89.8% at 12 months) and Bosiers et al.
[23] (91.1% at 1 year) and may be due to longer follow-up
periods (12–22 months) and inclusion of >60% TASC II
C and D lesions [22]. A retrospective study comparing
outcomes and durability of endovascular stenting with
the Viabahn covered stent graft versus traditional aortobifemoral or aortofemoral bypass grafting for complex
aortoiliac occlusions reported 2-year primary patency of
91% and 95%, respectively (HR: 0.27; 95% CI: 0.02–2.95;
p = 0.28) [24]. Placement of Viabahn covered stents for
reconstruction of a distal limb endoprosthesis in the treatment of aortofemoral aneurysm and iliac/femoral artery
perforations has also been reported [25]. The recently
approved for iliac intervention Gore VBX covered stent
(Gore, Flagstaff, AZ) is a balloon expandable PTFE stent
graft. In the recently completed VBX-FLEX multi-center
single arm prospective study, 234 devices were implanted
in 213 lesions with 100% technical success [26]. Nearly
43% of patients had kissing stents at the aortic bifurcation. All results were adjudicated by an independent
angiographic core laboratory. No device shortenings were
reported. At nine months, 2.3% patients experienced a
major adverse event (three TLRs) related to the primary
endpoint.
The debate whether to routinely use covered versus uncovered bare-metal stents for treating aortoiliac
PAD ensues, but more recent evidence points towards
increasing use of covered stents to treat more advanced
and occlusive TACS II C and D lesions in the aortoiliac
distribution. The results of the completed iCARUS study,
a prospective, multi-center, non-randomized, single-arm
registry, to evaluate the balloon-expandable iCast covered
stent in patients with de novo or restenotic lesions in the
common and/or external iliac arteries is awaited and may
provide additional information to operators.
Distal Aortic and Iliac Artery PAD
Treatment of contiguous disease of the infrarenal aorta
together with iliac artery lesions merits special mention.
Covered endovascular reconstruction of the aortic bifurcation (CERAB) is a technique that uses an aortic cuff that
covers the proximal edge of the covered stent in the distal
aorta. This is done in an attempt to reconstruct a more
anatomic aortic bifurcation. Three variants of this technique (self-expandable kissing stent, balloon-expandable
covered kissing stent, and the CERAB) were compared
in an in vitro study by Jebbink et al. [27]. The study
reported that the CERAB configuration with the iliac
legs positioned inside the tapered part of the aortic cuff
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had the lowest radial mismatch. It is worth reiterating
that this was an in vitro study and its results may not
match clinical observations or predict patient outcomes.
Clinical comparisons of these techniques are currently
unavailable. For infrarenal aortic interventions within
2 cm of the lowest renal artery, renal artery protection
should be considered.
Iliac Artery Aneurysm
Since rupture of CIA aneurysms with a maximal diameter ≤ 3.8 cm is extremely rare, the threshold for an
elective repair of asymptomatic CIA aneurysm is
accepted at a diameter ≥ 3.5 cm [28]. Isolated CIA or
IIA aneurysms are rare and endovascular exclusion
of these aneurysms requires considerable secondary
interventions. Unilateral IIA exclusion or coverage of its
ostium during stenting is usually well tolerated. However,
occlusion of the IIA can cause ischemic complications
like buttock claudication, sexual dysfunction, or bowel
ischemia [29].
Duplex Surveillance
Duplex surveillance post-iliac artery intervention has
been shown to improve assisted patency. It is of utility
in patients with multilevel CTO and outflow reconstructions. Peak systolic velocity (PSV) >300 cm s−1
and velocity ratio > 2.0 by duplex and/or new escalation
of patient symptoms are considered an indication for
angiography [30]. It is important to recognize that normal resting ankle-brachial indices (ABI) may not predict
significant restenosis and an exercise ABI may be needed
to demonstrate a > 20% reduction in ABI with exertion
in the symptomatic extremity.

Crossing and Treatment
of Aortoiliac Occlusive Disease
Selection of an appropriate access strategy is crucial to
crossing aortoiliac CTO lesions. These include retrograde, crossover, and brachial access. Often more than
one vascular access is needed. Occlusions of the aortic
bifurcation require special attention to vascular access
as these lesions may not have a stump to engage, are
generally heavily calcified, and often have contiguous
disease in the distal aorta. As such, left brachial artery
access is often used and a 90-cm sheath is advanced
close to the occlusion site to help navigate guide wire
and support catheters. A retrograde approach to aortic
bifurcation often requires distal aortic re-entry, which
can be challenging and is often the most common cause
of failure to cross [31]. Ipsilateral retrograde crossing

attempts can also lead to extension of the dissection
plane into the distal aorta. Although such dissections
are largely uneventful, careful attention should be paid
not to exclude important branches emanating from the
distal aorta such as accessory renal arteries or the inferior
mesenteric arteries.
Prior to crossing TASC II C and D lesions involving
CTOs, delayed phase aortography should be performed
to visualize distal vessel filling via collaterals in multiple
projections prior to advancing the guide wire and support
catheter.
In our practice a wire escalation strategy starting with a
0.014-in. or 0.018-in. guide wire supported with straight
or angled compatible support catheters (CXI [Cook,
Bloomington, IN], Navicross [Terumo, Somerser, NJ])
is used. Initiating with a 12 g guide wire (Treasure 12
[Asahi, Santa Ana, CA], Confianza Pro 12 [Asahi, Santa
Ana, CA]) and escalating to more supportive 20–25 g tip
load guide wires such as Astato or Approach is generally
adopted. Many operators prefer starting with a 0.035-in.
guide wire, Glidewire Advantage (Terumo, Somerset,
NJ) and support catheters. Care must be taken not to
create a large wire loop as the resulting large dissection
planes could limit re-entry options. The 0.014/0.018-in.
guide wire and guide catheter systems reduce this risk.
However, it is limited by lower support and therefore
requires a co-axially placed sheath close to the point of
occlusion. Following successful crossing, guide wire(s)
are advanced into the distal aorta from the retrograde
approach, passed into the CFA and SFA during antegrade
crossing, or externalized through the CFA sheath during
antegrade crossing with ipsilateral CFA access. The next
steps include pre-dilation and stenting of the occlusion. In
cases of distal aortic occlusion, we prefer the transbrachial
access for crossing in addition to bilateral CFA access
when feasible. As infrarenal occluded aortic segments
contain large amounts of thrombus, we recommend using
large balloon expandable covered stents in this location
to avoid thrombus protrusion and embolization. The iliac
limbs could be treated with Viabahn stent grafts (Gore,
Flagstaff, AZ).
There are currently no approved dedicated crossing
devices for the aortoiliac arteries. Although there are
published reports of using Viance (Medtronic, Minneapolis, MN), Frontrunner (Cordis, Santa Clara, CA),
and Ocelot devices (Avinger, Redwood City, CA), use
of CTO crossing devices is infrequent in this vascular
distribution. Despite retroperitoneal location of the iliac
vessels, use of duplex ultrasound-guidance during iliac
CTO recanalization has been reported.
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Subintimal angioplasty and re-entry during aortoiliac
CTO intervention requires special attention. The operator should be diligent in extending antegrade dissection
of the CIA or EIA into the CFA, and selection of an
appropriate site of re-entry is paramount. Large-scale
systematic experience with re-entry devices in the aortoiliac arteries is limited. Outback (Cordis, Santa Clara,
CA), Pioneer (Philips, Andover, MA), and Offroad
(Boston Scientific, Maple Grove, MN) devices have been
used for this purpose [32]. Re-entry in the distal aorta
can be challenging due to the complex three-dimensional
anatomy, calcification, and aortic plaque and thrombus.
It requires prior experience with the re-entry devices and
operator expertise. The Pioneer device in our experience
has an advantage, as re-entry is assisted by IVUS imaging of the aortic target in the 12 o’clock sector prior to
plunging and advancing the re-entry needle [33]. Use of
trans-septal needles for more distant aortic re-entry has
been reported, but not recommended, and selection of
a new subintimal passage is preferable. Finally, operators should be mindful of an enlarging subintimal tract
with a developing intramural or subintimal hematoma
when re-entry may not be safely accomplished, and
demonstrate the wisdom to abort the procedure and consider an alternate revascularization strategy or a delayed
re-attempt.

Hybrid Intervention for Iliofemoral
Occlusion
In extensive iliac disease involving the CFA, a hybrid
approach using CFA endarterectomy together with
endovascular iliac reconstruction with stenting should be
considered [34]. In patients with occlusions at the origin
of the left CIA with total iliofemoral occlusion extending
to the CFA bifurcation, and significant comorbid medical conditions precluding open surgical bypass, hybrid
interventions may be considered. Hybrid endoluminal
revascularization often includes an open femoral artery
exposure via CFA cut down. Access through an occluded
CFA is achieved with a soft J-wire followed by a stiff
Glidewire (Terumo, Somerset, NJ) and an angled KMP
(Cook, Bloomington, IN) or CXI (Cook, Bloomington,
IN) catheter to traverse the entire length of the occluded
iliofemoral segment and re-enter the aortic lumen. True
lumen access can be confirmed by angiography or IVUS.
Proximal CIA occlusions are addressed with balloon
expandable stents and may require kissing stent placements via the contralateral CFA. The remaining CIA,
EIA to the level of the CFA artery are then lined with
Viabahn self-expandable covered stents (Gore, Flagstaff,
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AZ). Endarterectomy of the CFA and PF is performed
and the posterior wall of the Viabahn (Gore, Flagstaff,
AZ) is sutured to the arterial wall. CFA-to-PF patch
angioplasty is performed, with the edges of a bovine
pericardial patch sutured to the Viabahn (Gore, Flagstaff,
AZ) and the overlying arterial wall at the arteriotomy
site. Such hybrid interventions could be combined with
femoral-popliteal bypass or endoluminal intervention
of the SFA.

Managing Aortoiliac Intervention
Complications
Among complications during aortoiliac interventions
such as dissection, distal embolization, vascular access
complications, and stent misadventures, perforation
is feared the most and if undetected or not promptly
addressed can be life-threatening.
Access site complications are the most common
and include groin hematoma, retroperitoneal bleeding,
pseudoaneurysm, and arteriovenous fistula [35]. Such
complications are now less frequent due to use of smaller
(6–7 Fr) introducer sheaths. Careful procedure planning
and ultrasound-guided vascular access can further reduce
such complications.
In the stent era, the majority of iliac artery dissections
can be treated successfully with stenting. Careful review of
the angiogram, contrast runoff, contralateral-lateral projection angiograms, and IVUS can aid in the detection of
iliac dissections. However, extension of dissections into
the distal infrarenal aorta may require complex endovascular reconstruction.
Distal embolization is most likely during recanalization of occluded aortoiliac vessels. The frequency of
this complication can be as high as 8%. Assessment of
distal runoff before and after intervention should be
performed. Pre-treatment of occluded aortoiliac stenoses
with thrombolytic infusion has been shown to reduce the
frequency of this complication, but is rarely performed
in contemporary clinical practice. Thromboaspiration
and mechanical thrombectomy are preferred treatment
options for flow-limiting distal embolization.
Stent misadventures such as stent embolization or
stent loss are uncommon with current generation
pre-mounted balloon expandable stents. Nevertheless,
geographic miss, migration, malapposition, underexpansion, plaque shift, and loss of side branches can occur
during aortoiliac intervention. Careful attention should
be paid while traversing recently implanted iliac stents
with large caliber sheaths or catheters to avoid uprooting,
embolization, or deformation of stents.
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Iliac artery perforation or rupture, although rare
(∼0.5%), may occur during aggressive dilation of the
arteries with a balloon [36]. As mentioned earlier, perforations can occur during stent post-dilations. Such
events are generally accompanied by pain, hemodynamic decompensation, and angiographic evidence of an
arterial rupture and constitute a significant medical emergency. Factors that may increase the risk of perforation
during aortoiliac interventions include calcified vessels,
occluded vessels, oversized balloons, recent endarterectomy, chronic steroid therapy, diabetes mellitus, female
gender, and treatment of EIA lesions [36]. Aggressive
reversal of anticoagulants, balloon tamponade of the
vessel, and use of covered stents should be emergently
performed to manage this complication. Surgical repair
may be needed if the above measures are not fully successful. Iliac perforation and avulsion can also occur
during large caliber sheath placement for structural heart
intervention or hemodynamic support device insertion.
Appropriate preprocedure sizing of the iliac arteries with
careful attention to tortuosity, the concentric nature of
calcification, lumen diameter, and efforts to minimize
sheath dwell time may help mitigate this risk. Emergent
aortoiliac interventions performed to manage such complications include distal aortic balloon occlusion and
implantation of covered stents.

Review Questions (see end of
Chapter for Answers)
a. Which of the following is the next best step
in evaluating a 72-year-old male smoker with
hip and buttock claudication, normal resting
ankle-brachial index, and femoral pulse exam?
A. Resting ankle-brachial index.
B. Resting and exercise ankle-brachial index.
C. Magnetic resonance angiography.
D. Computed tomography angiography.
b. In selecting an endovascular strategy for treating
a severe proximal calcified CIA stenosis, select
the treatment option associated with the most
durable clinical outcome.
A. Balloon angioplasty.
B. Balloon expandable bare metal stent.
C. Self-expanding drug-eluting stent.
D. Covered stent.

c. During the planning phase of the aortoiliac bifurcation intervention for a 57 year old male with
buttock and thigh claudication, which of the following should be performed next for successful
completion of the procedure?
A. Kissing balloon angioplasty of both CIA ostia.
B. Direct stenting of both CIA ostia with balloon
expandable stents.
C. Stent only the right CIA.
D. Hemodynamic assessment of bilateral iliac
artery ostia.
E. Digital subtraction imaging with a wider
image intensifier.
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Answers to Review Questions
a. B. The diagnostic utility of a resting ankle-brachial
index may be limited in aortoiliac disease and
an exercise ankle-brachial index assessment is
the next best step in a claudicant with normal
femoral pulses. Imaging tests may be performed
prior to a planned endovascular intervention.
b. D. Compared with balloon angioplasty, primary
stenting of iliac artery stenosis is associated with
a 43% reduction in four-year failure rate. The
COBEST trial showed the superiority of covered
stents for aortoiliac lesions. Covered stents in
this location were more likely to remain free
from binary restenosis than bare-metal stents.
Self-expanding drug-eluting peripheral artery
stents have not been systematically studied for
iliac arteries and are not indicated in this location.
c. D. Accessory renal arteries are found in 10% of
patients. These arteries may arise from the distal
infrarenal abdominal aorta or the CIA. Failure to
recognize this during an aortoiliac intervention
could result in jailing of this artery and possible ischemic renal injury. Imaging with a wide
(>12-in. diameter) image intensifier and preferably DSA will help recognize this arterial variant
and plan the aortoiliac intervention accordingly.
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Introduction
In the United States, peripheral arterial disease (PAD)
affects 8–12 million people. Almost 20% of the population older than 70 years of age has signs or symptoms
of PAD [1–3]. Intermittent claudication (IC), defined as
pain in the muscles of the leg with ambulation, is the earliest and most frequent presenting symptom in patients
with lower extremity PAD. As the disease progresses in
severity patients may experience pain at rest, especially
when the legs are elevated in bed at night, and is relieved
by dependency. Although claudication symptoms are
typically localized in the calf or the thigh, “rest pain” is
characteristically present in the foot. In the late stages of
PAD, tissue hypoperfusion progresses to ischemic ulceration and gangrene, and major amputation is eventually
required in more than a third of these patients [4]. For
patients with IC, approximately 20% will have progressive
symptoms and 1–2% will develop critical limb ischemia
(CLI) within five years with a one-year mortality rate of
about 20% in several series [5–7].
The femoropopliteal (FP) segment is the most commonly involved compartment among atherosclerotic
PAD [8] comprising around 60% of PAD lesions [9, 10].
Femoral-popliteal lesions are usually long and have
varying degrees of calcification, with most of these
lesions being Trans-Atlantic Inter-Society Consensus
(TASC) C and TASC D lesions [11, 12]. Endovascular
techniques and strategies have rapidly evolved over the
past decade and have become the initial strategy for most

femoral-popliteal lesions. Even in complex lesions, such
as in patients who present with CLI, the endovascular
approach is the preferred choice in most cases.

Endovascular Interventions
The last few years have shown an increase in the use of
percutaneous interventions for superficial femoral artery
(SFA) disease in the setting of symptomatic PAD. Proponents of endovascular therapy cite two contentions to justify continued use of these modalities. The first is that the
decrease in durability is offset by the less invasive nature
of endovascular interventions and resultant decrease in
morbidity and the second reason is that it is infrequent for
a patient to have clinical or angiographic worsening upon
failure of an endovascular intervention and interventions
can be repeated if they fail [7].
The following endovascular techniques have been used
for recanalization of the superficial femoral arteries as
part of this review:
• balloon angioplasty (percutaneous transluminal angioplasty [PTA])
• bare metal stents (BMS)
• drug-eluting stent (DES) placement
• wire-interwoven stent
• covered stents (CS)
• drug-eluting balloon angioplasty (DCB)
• cryotherapy
• atherectomy.
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Figure 15.1 PTA of occluded distal popliteal artery via infrapopliteal retrograde trans-collateral approach: (a) occluded distal popliteal artery with reconstitution in the posterior tibialis
artery, (b) 0.014-in. wire in the posterior tibialis artery via geniculate collaterals, (c) retrograde recanalization of distal popliteal artery, (d) PTA distal popliteal artery via retrograde approach,
and (e) post PTA angiogram.
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Balloon Angioplasty
The main advantages of balloon angioplasty are its
low complication rates, ranging between 0.5% and 4%,
high technical success rates approaching 90% even in
long occlusions (Figure 15.1a–e), and good clinical
outcomes [11, 13]. Conventionally, PTA has been the
mainstay therapy for revascularization in aortoiliac, FP,
and below-the-knee arteries, and in many interventional
centers PTA still is the first and most frequently used
endovascular therapy [14].
Several trials have compared medical therapy, endovascular intervention, and surgery in symptomatic patients
with disease in the SFA. A meta-analysis compared
exercise therapy and PTA: at three months of follow-up,
the ankle-brachial index (ABI) was significantly improved
in the angioplasty group but not in the exercise group
with similar quality of life outcomes [15]. A cost-effective
analysis between endovascular therapy, PTA, surgery,
and exercise alone showed that endovascular therapies were more effective than exercise alone, and the
cost-effectiveness ratio was within the generally accepted
range [16].
PTA of the SFA has a high rate of technical success,
but target lesion revascularization (TLR) and target vessel
revascularization (TVR) remain high, ranging from 30%
to 80% at six months, [17] especially in total occlusions
and longer diseased segments. Failure rates can be as high
as 70% at one year in long lesions [18, 19].
Moreover, there is no evidence to support the superiority of endovascular treatment over saphenous vein bypass
for SFA disease. There is, however, a single multi-center
prospective randomized study, the Bypass Versus Angioplasty in Severe Ischemia of the Leg (BASIL) trial, which
investigated the difference between PTA and open surgical repair for infrainguinal PAD and CLI in 452 patients
and concluded that there was no difference in the primary
outcome of six-month amputation-free survival between
the two treatment modalities [20]. However, the updated
results with three- to seven-year follow-up showed that
while bypass surgery using veins as conduits offered the
best long-term amputation-free survival, balloon angioplasty appeared to be superior to a polytetrafluoroethylene bypass procedure [21].

Bare Metal Stents
Stent placement for femoral popliteal disease has gained
progressive attention. However, there is no level I evidence for primary stenting in this segment. Several
studies have shown mixed results, although the preponderance of the data does not support primary stenting in
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all cases. Stents avoid the problems of early elastic recoil,
residual stenosis, and flow-limiting dissection after PTA
and can thus be used for the treatment of long and
complex lesions, even in heavily calcified arteries [22].
Several randomized controlled trials have compared
PTA versus self-expanding nitinol stents in the femoral
popliteal segment.
The INTRACOIL study [23] was the first major randomized trial of a nitinol Intracoil stent (eV3, Inc.,
Plymouth, MN, USA) versus PTA. The study included
266 patients; no difference in nine-month rates of repeat
revascularization (14.3% vs. 16.1%). While the stent is
Food and Drug Administration (FDA) approved for use
in the SFA, it is rarely used due to difficulty in accurate
deployment, short available stent lengths and improved
patency with newer iterations of nitinol stents.
The Vienna Absolute Study [22] randomized the Absolute stent (Abbott Vascular, Santa Clara, CA, USA) versus
PTA of the SFA. Restenosis rates at one year favored
stenting over angioplasty (37% vs. 63%; p = 0.01). There
was also a statistically significant difference in walking
time and ABI in favor of stenting at 12 months. Two-year
follow-up also showed a trend toward decreased rates of
TLR (37% vs. 54%) with primary stenting and lower rates
of restenosis with stenting were sustained to two years
[24]. The ASTRON trial [25] randomized patients to the
Astron stent (Biotronik GmbH, Berlin, Germany) versus
PTA in a total of 73 patients. The restenosis rates in the
stent and PTA groups at 12 months were 34% versus
61%, respectively (p = 0.02). The stent group also had
a statistically significant increase in walking capacity
compared with the PTA group (Table 15.1).
The Femoral Artery Stenting Trial (FAST) compared PTA versus primary stenting in short SFA lesions
(<50 mm) and showed no statistically significant difference between the two treatment modalities in the
primary endpoint of binary restenosis at 12 months
[26]. Moreover, no statistically significant differences
were seen in TLRs, improvement in resting ABI, and
improvement by at least 1 Rutherford category of PAD.
The COMPLETE SE multi-center trial [27] was
a prospective, multi-center, single-armed registry that
enrolled patients from 28 centers around the United States
and Europe using the Complete SE stent (Medtronic Vascular, Santa Rosa, CA). Primary patency at 12 months
was 72.6%, and clinically driven TLR was only 8.4%
at one year. Follow-up radiographs confirmed no evidence of definite stent fracture. The STROLL trial
[28] was a multi-center prospective, single-arm trial
that evaluated 250 patients with FP disease treated
with the SMART SE stent. The primary patencies at
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Table 15.1 Stent patency.

Study

Stent

Subjects

Average
lesion
length (cm)

Bare metal
Vienna Absolute
ASTRON

Nitinol
Astron

104
73

13.2
9.8

Binary restenosis at one year
Binary restenosis at six
months

63% at one year
66% at one year

FAST
COMPLETE SE SFA
STROLL

Luminexx
Complete SE
SMART

244
196
250

5.3
6.1
7.7

Binary restenosis at one year
Patency at 12 months
Binary restenosis at one year

68% at one year
72% at one year

12
0
1.6

SUPER
MISAGO-2

SMART
Misago

150
744

12.3
6.3

Binary restenosis at one year
Absence of TLR at 6 and 12
months

47% at one year
89% free of TLR

NR
3.1

ABSOLUTE

Dynalink or Absolute

104

13.2

63% at one year

2

RESILIENT

Lifestent

206

7.1

Binary restenosis at six
months
Target lesion

81% at one year

3.4

72% free of TLR

6.6

DURABILITY I

PROTEGE EverFlex

DURABILITY II

PROTEGE EverFlex

SUMMIT
EPIC
Wire-interwoven stent
SUPERB
SUPERA
Covered stents
VIPER
VIASTAR

Viabahn
Viabahn

Drug-eluting stents
SIROCCO
Sirolimus SMART
ZILVER

Zilver PTX

151
287

9.6

revascularization at one year
Freedom from >50%
restenosis at 12 months
MACE at 30 days

Fracture
rate %

NR

67% at one year

0.4

100

6.9

Binary restenosis at one year

84% at one year

0.3

264

7.8

Patency at 12 months

78% at one year

0

Patency at 12 months
Patency at 12 months

73% at one year
71% at one year

NR
NR

In-stent luminal at six
months
Event-free survival and

78% at two years

10

83% at one year

0.9

113
141

11

Primary endpoint

Primary
patency
rate %

19
19

93

8.5

479

6.6

patency
Drug-coated stents
THUNDER
DCB paclitaxel

154

7.4

Lumen loss at six months

90% at one year

—

LEVANT I

DCB Lutonix paclitaxel
formulated with
polysorbate and sorbitol

101

8.1

Lumen loss at six months

67% at one year

—

PACIFIER

DCB IN.PACT Paciﬁc
paclitaxel
DCB IN.PACT Admiral

7

Lumen loss at six months

92% at one year

—

331

8.9

Patency at 12 months

82% at one year

—

74
104

17
9.4

Patency at 12 months
Binary restenosis at one year

40% at one year
83% at one year

—
—

IN.PACT SFA
PACUBA
DEBATE-SFA

paclitaxel
DCB paclitaxel
DCB IN.PACT Admiral
paclitaxel

85

NR, not reported; MACE, major adverse cardiovascular events.

1, 2, and 3-year follow-up were 81.7%, 74%, and 72%,
respectively. Freedom from clinically driven TLR was
75% at three years [29]. The SMART stent is FDA
approved for use in the SFA and proximal popliteal
artery.

The SUPER trial [30] was a multi-center UK-based
randomized study of the SMART stent (Cordis, Warren,
MA) versus PTA for the treatment of FP lesions. In addition to longer lesion lengths, the study had a very high
prevalence of chronic occlusions (93.3%). At 12 months,

CHAPTER 15 Femoropopliteal Interventions

primary patency was 47.2% in the stent group versus
43.5% in the PTA group (p = 0.7). Possible reasons for
this include the poor overall primary patency as well as
the high prevalence of chronic occlusions and subintimal
angioplasty.
The Misago stent (Terumo Europe, Leuven, Belgium)
registry demonstrated a six-month restenosis rate of 8.5%
in 55 patients [31]. A large follow-up multi-center registry
(the MISAGO-2 study) was performed on 744 patients
with FP lesions [32]. At 12 months, TLR was 10.1%
and follow-up radiographs demonstrated a fracture rate
of 3.1%.
For longer lesions (>50 mm) randomized trials of PTA
versus primary stenting have showed the benefit of stenting over PTA. In the ABSOLUTE trial [22] 104 patients
with severe claudication or chronic limb ischemia due to
stenosis or occlusion of the SFA were randomly assigned
to undergo primary stent implantation or angioplasty.
The results revealed that at six months, the rate of restenosis on angiography was 24% in the stent group and 43%
in the angioplasty group (p = 0.05); at 12 months the
rates on duplex ultrasonography were 37% and 63%,
respectively (p = 0.01). Patients in the stent group were
able to walk significantly farther on a treadmill at 6 and
12 months than those in the angioplasty group. Data
reported after two years sustained the morphological
benefit and showed a trend toward clinical benefit of
stents for longer lesions [24]. In the RESILIENT trial
a total of 206 patients from 24 centers in the United
States and Europe with obstructive lesions of the SFA and
proximal popliteal artery presenting with intermittent
claudication were randomized to implantation of nitinol
stents or PTA [33]. The mean total lesion length was
71 mm for the stent group and 64 mm for the angioplasty
group. At 12 months, freedom from TLR was 87.3% for
the stent group compared with 45.1% for the angioplasty
group (p < 0.0001). Duplex ultrasound-derived primary
patency at 12 months was better for the stent group
(81.3% vs. 36.7%; p < 0.0001). In the three year follow-up
freedom from TLR at three years was significantly better
in the stent group (75.5% vs. 41.8%; p < 0.0001), as was
clinical success (63.2% vs. 17.9%; p < 0.0001) [34].
The Durability I trial was a multi-center study of the
EverFlex stent (Covidien, Mansfield, MA) in SFA lesions
[35]. This study enrolled 151 patients with symptomatic
PAD ranging from Rutherford category 2 to 5. Freedom
from restenosis was 72% at one year. Freedom from TLR
was 79% during the same follow-up period. The Durability II trial was a prospective, multi-center, single-arm
study designed to evaluate the safety and efficacy of the
EverFlex stent for longer SFA lesions (up to 180 mm)

171

using a stent length up to 200 mm [36]. Primary patency
at 12 months was 77%. In post hoc analysis, there was
a statistically significant difference in primary patency
in short versus long lesions (86.2% in lesions 80 mm
and 69% in lesions 80 mm; p = 0.002). TLR at one year
was only 13.9%. At three-year follow-up, the primary
patency was 60.0%. Patency was significantly higher for
lesions ≤8 cm compared with lesions >8 cm (71.0% vs.
50.5%; p < 0.0001). The EverFlex stent was FDA approved
for treatment of SFA and proximal popliteal lesions in
2012.
The SUMMIT study [37] was a prospective, multi-center
registry evaluating the safety and efficacy of the EPIC
nitinol stent (Boston Scientific, Natick, MA) in FP lesions
[27]. The study enrolled 100 patients with a mean lesion
length of 69 mm, 30% of which were total occlusions
and 50% with at least moderate calcification. The binary
restenosis rate at 12 months was 15.7% with an estimate
of freedom from TLR of 92%. At 12-month follow-up,
radiographs did not demonstrate any stent fractures
among the patients available for follow-up.

Wire-Interwoven Stent
The Supera (Abbott Vascular, Santa Clara, CA) selfexpanding, interwoven, nitinol stent has a biomimetic
design to enhance stent flexibility and strength, designed
to withstand the unique stressors along the course of the
SFA [38]. The Supera stent has been tested in a number
of registries in the treatment of SFA disease with subsequent approval by the FDA in 2014. Initial results with
Supera stents came from the Leipzig Supera Superficial
Femoral Artery Registry, the first study to examine the
use of Supera stents in atherosclerotic FP lesions [39];
107 lesions with Supera stents were implanted in the
FP segments. Procedure success was achieved in 99%
of procedures. The 6, 12-, and 24-month cumulative
primary patency rates were 93.1%, 84.7%, and 76.1%.
No stent fractures were observed on follow-up. From
the same center, Werner et al. [40] enrolled a total of
439 “real-world” patient population that included a wide
range of obstructions, including long lesions, total occlusions, and highly calcified vessels, without pre-specified
inclusion or exclusion criteria. Total occlusions were
present in 277 limbs (52.6%) and 52.4% had either moderate or severe calcification. Primary patency rates were
83.3% at 12 months and 72.8% at two years. No stent
fractures were observed at follow-up [40].
The SUPERB trial [41] was a prospective, multi-center,
investigational device exemption, single-arm trial that
enrolled 264 patients with symptomatic PAD undergoing
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percutaneous treatment of de novo or restenotic lesions
of the FP artery with self-expanding nitinol. Primary
patency at 12 months was achieved in 78.9% of the population (p < 0.001). Primary patency at 12 months was
86.3%. No stent fracture was observed.
While the available data on the use of Supera stents for
atherosclerotic FP disease is promising, one limitation of
these registries is the lack of a comparator group with PTA
alone. Additional studies are needed with direct comparison with PTA alone as well as other stent and balloon
platforms.

Drug-Eluting Stents
The proven efficacy of DES in the treatment of coronary
artery disease gave rise to the notion that they might
have a better patency compared to BMS in patients with
PAD. Metallic stents with good radial strength obliterate
recoil and manage dissections, but in-stent restenosis
(ISR) remains the Achilles heel, especially in patients
with CLI and those with poor infrapopliteal arterial
run-off [42, 43]. The 12-month primary patency rates of
BMS in the SFA range between 50% and 65% [44, 45].
Other factors contributing to poor patency include stent
fracture and vessel kinking at the adductor’s canal and
popliteal segment. The former is due to internal and
external rotation, compression and expansion; the latter
is secondary to high flexion forces.
With the advent of DES the panorama appears to be
changing. Although the first multi-center randomized
double-blind trial of DES versus BMS, the SIROlimus
Coated COrdis Self-expandable Stent (SIROCCO), did
not yield positive results, showing a lack of significant
difference in restenosis between groups [46]. The most
recent Zilver PTX study demonstrated appreciable clinical efficacy in symptomatic FP disease patients [47].
This study was a prospective multinational randomized
controlled trial that compared the Zilver PTX stent with
PTA and provisional BMS placement. Results showed
that the primary DES group demonstrated significantly superior two-year event-free survival (86.6% vs.
77.9%; p = 0.02) and primary patency (74.8% vs. 26.5%;
p < 0.01). In addition, the provisional DES group exhibited superior two-year primary patency compared with
the provisional BMS group (83.4% vs. 64.1%; p < 0.01)
and achieved higher sustained clinical benefit (83.9%
vs. 68.4%; p = 0.05). Two-year freedom from TLR with
primary DES placement was 80.5% in the single-arm
study and 86.6% in the randomized trial. However, the
trial was criticized for treating only short lesions and thus
not representing real-world experience.

More recent studies have extensively evaluated the
effectiveness of a paclitaxel-coated Zilver stent (Cook
Medical, Bloomington, IN). The Zilver stent has a linear
cell design and a tight bending radius, which may minimize stent deformation in the SFA [48]. The Zilver PTX
study was a prospective, multi-center, randomized trial
of paclitaxel-coated nitinol DES with balloon angioplasty
of FP lesions. A second randomization was performed
in the PTA arm (if results were suboptimal or there was
a flow-limiting dissection) to either provisional DES
or BMS. 479 patients were randomized to PTA versus
Zilver PTX DES. Primary patency was 83% in the DES
group and 32% for the PTA group. In the secondary
randomization of PTA failure patients, 12-month primary patency with Zilver PTX was superior to Zilver
BMS (89.9% vs. 73%; p = 0.01). The two-year follow-up
data showed sustained primary patency in favor of DES
(74.8% vs. 26.5%; p < 0.01). The primary patency of the
provisional stent group was also significantly better in the
DES group (83.4% vs. 64.1%; p < 0.01) [47]. The Zilver
PTX single-arm registry enrolled 787 patients with broad
inclusion criteria that included restenotic lesions [49].
The average lesion length was 99.5 mm; at 12-month
follow-up, primary patency was an impressive 83% and
freedom from TLR was 90.5%.

Covered Stents
In comparison to bare nitinol SE stents, CS have a
polytetrafluoroethylene lining that excludes neointima, thereby potentially limiting ISR. Percutaneous
stent grafts using Viabahn (W.L. Gore, Flagstaff, AZ)
stents for treatment of SFA disease were compared
with open surgical prosthetic femoral to above-knee
popliteal bypass. At one year, primary patency was
72% for the stent graft group and 76% in the open
bypass group. Follow-up at four years revealed a primary patency rate of 59% for the stent graft group and
58% for the open surgical group [50]. The VIBRANT
trial [51] was a randomized, controlled trial comparing treatment with the Viabahn stent to nitinol SE
stents; 148 patients were randomized to either Viabahn
stent or a nitinol SE stent. Primary patency was 24%
for the Viabahn group and 25% for the BMS group at
three years. The VIPER trial evaluated a newer generation heparin-bonded Viabahn stent (heparin-bonded
expanded polytetrafluoroethylene-lined stent graft) [52].
This was a prospective, single-arm multi-center trial that
enrolled 113 patients. The 12-month primary patency
rate was 73%. The VIASTAR trial was a randomized,
single-blind, multi-center trial comparing the clinical
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outcome and patency of Viabahn endoprosthesis with
propaten bioactive surface (VIA) versus bare nitinol
stent in FP disease [53]. The BMS used included the
Lifestent, the EverFlex Stent, and the SMART stent. The
primary patency rate of lesions treated with a Viabahn
was superior to that of lesions treated with a bare nitinol
stent at 12 months (78.1% vs. 53.5%; p = 0.009). Overall,
these studies with the Viabahn stent graft suggested that a
covered nitinol SE stent has excellent outcomes compared
with surgical FP bypass and that Viabahn stents may be
superior to bare nitinol stents for the treatment of long FP
lesions. However, concerns remain regarding exclusion
of collaterals, with subsequent development of acute limb
ischemia if a patient presents with stent occlusion.

Drug-Eluting Balloons
Drug-coated balloons are an attractive alternative to
DES as they can deliver an antiproliferative agent, which
ameliorates the process of neointimal proliferation and
leaves no stent behind. There are three key features in the
use of DCBs [54]. First, vessel preparation (PTA utilizing
a non-coated undersized balloon) followed with a DCB
to facilitate even distribution of the drug. Second, the
antiproliferative preferred agent is paclitaxel, as it tends
to stay in the local microenvironment, thus increasing its
inhibitory effects on intimal cell proliferation. Third, the
preferred delivery system is a hydrophilic spacer, which
can deliver the drug in a very short time frame with minimal loss into the systemic circulation. Prolonged drug
elution is not necessary to obtain sustained inhibition
of intimal hyperplasia [55]. Nonetheless, delivery of the
antiproliferative drug during the most active phase of
neointimal proliferation should be enough to decrease
restenosis.
Several trials have paved the way for the use of DCBs
in PAD. The Local Taxane with Short Exposure for
Reduction of Restenosis in Distal Arteries (THUNDER)
trial was the first human trial of DCB in non-coronary
arteries [56]. It was a multi-center study with a three-way
randomization protocol consisting of 154 patients with
severe disease or total occlusion of the FP segment.
The first group was treated with a paclitaxel-coated balloon (PEB), the second group was treated with a standard
uncoated balloon, and the third group was treated with an
uncoated balloon with paclitaxel dissolved in iopromide
contrast medium. The mean lesion length was 7.4 cm.
The primary endpoint was six-month angiographic late
lumen loss (LLL). The PEB group had a marked reduction
in LLL (0.4 ± 1.2 mm vs. 1.7 ± 1.8 mm vs. 2.2 ± 1.6 mm;
p < 0.001) when compared to the other two groups. TLR
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at six months was reduced in the PEB when compared to
the standard uncoated balloon (4% vs. 29%; p = 0.001).
These favorable DCB effects were sustained at 24-month
follow-up. Also, at five years the decrease in LLL persisted
[57]. However, TLR rates were not statistically different
from the group of uncoated balloons with paclitaxel
dissolved in the contrast medium (4% vs. 29%; p = 0.41).
The femoral paclitaxel (FEMPAC) trial [58] randomized 87 patients in a 1 : 1 fashion between a standard
uncoated balloon and PEB. FP lesions were short in
length (5.7 cm vs. 6.1 cm). Results were similar to the
THUNDER trial. At six-month follow-up, the primary
endpoint of LLL was significantly lower in the DCB
group (0.5 ± 1.1 mm vs. 1.0 ± 1.1 mm; p = 0.031). Similarly, TLR rates were lower in the DCB group (6.7%
vs. 33%; p = 0.002). These results were sustained at
18 months. There was significant improvement in the
Rutherford class, but there was no significant difference
in ABI. These multi-center trials were limited to relatively
short, non-complex FP lesions, heterogeneous study subjects, unconventional endpoints, angiographic follow-up
limited to only six months, and small sample sizes.
The Lutonix Paclitaxel-Coated Balloon for the Prevention of FP Restenosis (LEVANT 1) trial [59] was
a prospective, multi-center, randomized study which
evaluated the safety of paclitaxel-coated MOXY balloons.
A total of 101 patients with de novo and restenotic FP
lesions with CLI were randomized to PEB (49 patients)
and standard uncoated balloons (52 patients). The lesion
lengths were 80.8 mm versus 80.2 mm (varied from 4
to 15 cm). The primary endpoint of LLL at six months
was significantly lower in the DCB group (0.46 mm vs.
1.09 mm; p = 0.016). In subgroup analysis, the DCB
group showed significant reduction in LLL when comparing it to those patients who underwent PTA with
an uncoated balloon. Also, the DCB group continued
to demonstrate a reduction in LLL when compared to
those patients who underwent stenting (26 patients) due
to failed PTA (however, the trial was underpowered to
conclude that there is a statistical difference between
the stent and DCB groups). Composite 24-month major
adverse events were lower in the DCB group (39%) when
compared to the non-DCB group (46%). These trials
[60] demonstrated that incomplete balloon expansion
and geographic miss resulted in a significant decrease in
primary patency and TLR rates at 12 months.
The Paclitaxel-coated Balloons in Femoral Indication
to Defeat Restenosis (PACIFIER) trial [61] was a prospective, multi-center, randomized, controlled single-blinded
study which enrolled 85 patients and 91 FP lesions (44
were treated with the IN.PACT Pacific DCB and 47 with
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standard uncoated balloons). The mean lesion length
was 70 mm in the DCB group and 66 mm in the standard uncoated balloon group. The study met its primary
endpoint (reduction in LLL at six months) whereas the
IN.PACT Pacific DCB balloon group had significant
reduction in LLL at six months (−0.01 vs. 0.65 mm;
p = 0.0014). Also, the DCB group had better TLR rates at
six months (7.3% vs. 22%; p = 0.06). In a subgroup analysis, the benefits of DCB with regards to LLL were seen
irrespective of the lesion type or its length. At 12 months,
the DCB group had fewer adverse events (death, amputation or TLR) than the standard uncoated balloon group
(7.1% vs. 34.9%; p = 0.003). A meta-analysis [62] of
the THUNDER, FEMPAC, LEVANT I, and PACIFIER
trials showed improved results with DCBs at a median
follow-up of 10.3 months (significant reduction in TLR,
LLL, and angiographic restenosis without an increase in
adverse events).
Some of the more recent trials such as IN.PACT SFA I
and II are ongoing multi-center randomized studies [63].
These trials intend to assess the safety and efficacy of the
Admiral DCB in FP lesions. Preliminary 12 month results
of 331 patients randomized in a 2 : 1 fashion (220 in the
DCB group and 111 in the standard balloon PTA group)
showed that the DCB group did better (p < 0.001) than
the standard uncoated balloon group in terms of primary
patency (82.2% vs. 52.4%; primary endpoint), clinically
driven TLR (2.4% vs. 20.6%), primary sustained clinical
improvement (upgrade in Rutherford classification ≥1
class in amputation- and TVR-free surviving patients),
primary safety endpoint (freedom from 30-day deviceand procedure-related death, target limb major amputation and clinically driven TVR through 12 months),
and major adverse cardiovascular events (MACE) (death,
clinically driven TVR, target limb major amputation,
and thrombosis) [64]. At three years, Krishnan reported
that primary patency was higher in the DCB group
than with angioplasty alone (69.5% vs. 45.1%; p < 0.001)
and clinically driven TLR was lower (15.2% vs. 31.1%;
p = 0.002). There was no difference in MACE rates, but
all-cause death was higher in the DCB group (10.9%
vs. 1.9%; p = 0.006) [65]. The positive results from the
IN.PACT SFA trial have continued into the real-world
patient population. The IN.PACT global registry (1406
patients enrolled in 27 countries) also showed promising
results; 92.6% of patients enrolled had freedom from clinically driven TLR through one year. The rate of primary
sustained clinical improvement was 80.6%. Safety also
was high, with a primary safety endpoint rate of 92.1%.
The MACE rate at one year was 12%, and the all-cause
death rate was 3.5%. Many would not be eligible for

randomized trials, suggesting safety and effectiveness in
a variety of populations [66].
The Drug-Eluting Balloon Evaluation for Lower Limb
Multilevel Treatment (DEBELLUM) study [67] was
a prospective, randomized, single-center study that
enrolled 50 patients with FP (75.4%) and below-the-knee
lesions. Twenty-five patients were randomized to be
treated with the IN.PACT Admiral DCB and 25 patients
to be treated with a standard uncoated balloon. LLL at
six months was better in the DCB group than in the
standard uncoated balloon group. BIOLUX P-I was
an international, multi-center, randomized controlled
trial [68] that evaluated the safety and efficacy of the
Passeo-18 Lux paclitaxel-coated balloon (30 patients)
compared to the standard uncoated balloon (30 patients).
The DCB group showed a significant reduction in LLL
when compared to the standard uncoated balloon group
at six months. The overall major adverse event rate
did not differ in both groups. The DCB group showed
a slightly better outcome with regards to Rutherford
class. The DEFINITIVE AR study was a European
multi-center, prospective, randomized trial that evaluated the effectiveness of DCBs in heavily calcified lesions.
Patients were randomized to directional atherectomy
followed by paclitaxel-coated Cotavance balloon versus
paclitaxel-coated Cotavance balloon alone. The 30-day
preliminary results [69] showed significant higher technical success in the directional atherectomy followed
by paclitaxel-coated Cotavance balloon arm than the
paclitaxel-coated Cotavance balloon alone.
The SFA-Long study enrolled symptomatic patients
with SFA lesions greater than 15 cm treated with the
IN.PACT Admiral paclitaxel-coated balloon (Medtronic).
At 24 months, the primary patency rate was 70.4% and
freedom from TLR was 84.7%. MACE occurred in 10.2%
of patients, with the most common being all-cause death
at 5.1%, followed by thrombosis and non-target lesion
TVR. In long versus very long (>25 cm) lesions, the rates
were 75% and 66% (p = 0.25) [70].
The PACUBA trial was a 74-patient study that
randomized patients to treatment with the Freeway
paclitaxel-eluting balloon (Eurocor Endovascular) versus
standard PTA for ISR of the SFA. The primary patency
rate was significantly higher with DCB. For patients with
complete occlusion of the SFA, 36.4% of patients treated
with the DCB had a patent vessel at 12 months compared with 11.1% of patients treated with a conventional
balloon. In the overall population, the patency rates
at 1, 6, and 12 months were 97.0%, 58.8%, and 40.7%,
respectively. With plain-old balloon angioplasty, the rates
were 97.0%, 31.3%, and 13.4%, respectively [71].
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The DEBATE-SFA trial [72] sought to compare PEB
with PTA followed by systematic implantation of a selfexpanding nitinol BMS in patients at risk for restenosis.
Binary restenosis occurred in 17% versus 47.3% of lesions
in the PEB/BMS and PTA/BMS groups (p = 0.008),
respectively.
The Drug-Eluting Balloon in Peripheral Intervention
for In-Stent Restenosis (DEBATE-ISR) study [73], a
prospective all-comers study of symptomatic diabetic
patients with FP ISR undergoing treatment with PEB, was
designed to compare their 12-month recurrent restenosis
rate with that of historical diabetic controls. At one-year
follow-up, six patients died (three in each group), and one
patient in the PTA group underwent major amputation.
Recurrent restenosis occurred in 19.5% patients in the
DEB group vs. 71.8% in the PTA group (p < 0.001). TLR
for symptomatic recurrent restenosis was performed in
13.6% patients in the DEB vs. 31.0% in the PTA group
(p = 0.045). At three years, there was catch-up, with the
rate of TLR approximately 40% in both treatment arms, a
non-significant difference [74].
The AcoArt I trial [75] was a Chinese study of 200
patients with PAD that were prospectively randomized
to treatment with new paclitaxel-coated or standard
uncoated balloon catheters. After one year, the rates
of TLR were 7.2% and 39.6% (p < 0.001). One major
amputation was recorded in the control group.

Cryotherapy
Cryoplasty therapy (cold balloon angioplasty) has been
used as an effective primary strategy for limiting the
incidence of dissection, vessel recoil, and subsequent
intimal hyperplasia and restenosis associated with the
endovascular dilation of atherosclerotic lesions in the
peripheral vasculature [76–80]. Specialized cryoplasty
balloon catheters, approved by the FDA, are inflated not
with the standard mixture of saline solution and contrast
medium but rather with nitrous oxide, which causes
the plaque in the artery to freeze at −10∘ C. Previous
scientific studies have shown that this process results in
weakening of the plaque, uniform vessel dilation, alteration of elastin fibers to reduce vessel wall recoil while
collagen fibers remain unperturbed and capable of maintaining architectural integrity [81, 82], and induction of
smooth muscle cell apoptosis, which is associated with
reduced neointima formation and reduced subsequent
restenosis [83].
Studies involving cryoplasty have conflicting results
with patency rates and need for re-intervention. Diaz
et al. [84], in a three-year analysis of re-intervention-free
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survival between cryoplasty versus conventional angioplasty in femoral-popliteal arterial recanalization,
demonstrated good immediate success rates with lower
stent placement rates. During the three-year follow-up,
however, patency rates tended to equalize between the
two modalities. A multi-center registry of 102 patients
demonstrated a high degree of acute angiographic success with a low frequency of TLR. The patency rate
observed compared favorably to that previously documented with conventional angioplasty [80]. The COBRA
trial was a prospective, multi-center, randomized, controlled clinical trial of diabetic patients to investigate
whether post-dilation of SFA nitinol self-expanding
stents using a cryoplasty balloon reduces restenosis
compared to a conventional balloon. The key finding of
this study was that, for patients with diabetes mellitus
who underwent SFA stenting using self-expanding stents,
post-dilation using cryoplasty significantly reduced
the 12-month ISR rates compared to post-dilation
using a conventional balloon [85]. However, the benefit
of cryoplasty over conventional angioplasty cannot be
established as the number of randomized controlled trials
is small.

Atherectomy
Atherectomy devices are designed to debulk and remove
atherosclerotic plaque by cutting, pulverizing, or shaving
with catheter-deliverable blades. The development of
the SilverHawk excisional atherectomy catheter (EV3,
Minneapolis, MN) has renewed interest in directional
atherectomy, a technique that has historically been associated with high restenosis rates in the coronary and
peripheral vasculature [86, 87]. Like the excimer laser,
excisional atherectomy offers the theoretical advantage,
compared to PTA and stent implantation, of eliminating
stretch injury on arterial walls, limiting acute dissection (and the need for adjunctive stenting) and elastic
recoil, and thereby potentially reducing post-procedure
inflammation and the rate of restenosis. Both rotational
and orbital atherectomy (OA) share a niche on calcific
lesions. Excimer laser, on the other hand, has gained FDA
approval for FP ISR [88].

Directional Atherectomy
Directional atherectomy involves the resection of the
atherosclerotic plaque with a cutting device in the longitudinal plane [89]. Two devices are approved by the FDA
for directional atherectomy: the SilverHawk™ (Covidien, Plymouth, MN) and the TurboHawk™ (Covidien,
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Plymouth, MN). The recent published DEFINITIVE
LE trial is the largest multi-center study that evaluated the intermediate and long-term effectiveness of
stand-alone SilverHawk™/TurboHawk™ Plaque Excision
Systems for endovascular treatment of PAD in the FP
and tibial-peroneal arteries [90]. Its primary endpoints
were patency at one year in claudicants and freedom of
unplanned amputation at one year in CLI patients. A
total of 800 patients were studied. More than half were
diabetics and 66% of the lesions were located in the
femoral-popliteal segment. Final results revealed 78%
patency rate in all claudicants and 71% in CLI patients
with a 95% of freedom of amputation. The major limitation of the trial was lack of randomization and follow-up
after 12 months.

Rotational Atherectomy
The Pathway PV system (Pathway Medical, Kirkland,
WA) has a unique feature compared to other rotational
atherectomy devices. The ability to remove the atherectomized plaque material through aspiration ports reduces
the risk of obstructing the microvasculature and avoids
increasing erythrocyte degradation products, especially
in patients with impaired renal function. High-speed
rotational devices without aspiration capabilities increase
these degradation products, such as haptoglobin and
potassium, which can result in life-threatening cardiac
arrhythmias [91]. Additionally, the aspiration feature
of the catheter allows the device to be used in lesions
containing both occlusive material, including solid, even
calcified plaque, and fresh thrombus. Potentially, the
Pathway PV can be used as a thrombectomy device in
subacute and acute vessel occlusions.
Zeller et al. [92] reported results on a prospective
nonrandomized multi-center trial using a rotational
atherectomy system with aspiration capabilities. In this
study a 99% technical success rate was achieved using the
Pathway PV Atherectomy System in 210 infrainguinal
cases. Adjunctive balloon angioplasty was performed in
59% and stenting in 7%. Primary and secondary patency
rates at one year were 61.8% and 81.3%. The one-year
limb salvage rate was 100%. These patency rates are
similar to SilverHawk study cohorts.

Orbital Atherectomy

The Diamondback 360∘ OA System (CSI, St. Paul, MN)
uses a plaque ablation catheter. This has an abrasive
eccentrically shaped crown with a diamond-coated
surface that rotates and creates lumen enlargement by

plaque abrasion. OA appears to have some similarities to
mechanical rotational atherectomy (Rotablator) (Boston
Scientific, Natick, MA).
Analysis of the CONFIRM registries found that high
rates of success in subjects suffering from PAD were
equally favorable in men and women. Overall final
residual stenosis in the CONFIRM registries was 10%
and was actually lower in female patients than in male
patients. These findings are in agreement with the OASIS
trial, a multi-center, prospective, non-randomized registry of 124 patients (33% women) who underwent OA
for the treatment of infrapopliteal lesions. The OASIS
demonstrated a high success rate (90.1% of patients
had final diameter stenosis ≤30%) and a low rate of
MACE at six months (10.4%) [93]. Korabathina et al.
[94] enrolled 98 patients (54% women) in a single-arm
registry database of patients with infrainguinal lesions
treated with OAS. They showed a low rate of major
adverse events at 30 days (2.2%) and an overall favorable
safety profile.

Excimer Laser-Assisted Angioplasty
Continuous wave lasers were evaluated and abandoned
for peripheral interventions in the late 1980s due to
a high complication rate caused by thermal damage
to surrounding tissue [95]. In contrast, excimer laser
angioplasty (ELA) of the leg arteries has been used
commercially in Europe since 1994 [96]. The 308 nm
ELA utilizes flexible fiber optic catheters to deliver
intense short duration pulses of ultraviolet energy. The
advantages of pulsed ultraviolet energy lie in the short
penetration depth of 50 μm and its ability to break molecular bonds directly by a photochemical process instead
of a thermal one. Excimer laser catheters remove a tissue
layer of about 10 μm with each pulse of energy. Tissue is
vaporized only on contact without a consequent rise in
temperature to surrounding tissue.
The multi-center LACI (Laser Atherectomy for Critical
Ischemia) trial of excimer laser-assisted angioplasty
treated 423 lesions (41% SFA, 15% popliteal, 41%
infrapopliteal) in 155 limbs (91% with at least one occlusion) of 145 CLI patients (Rutherford categories 4–6, 69%
with tissue loss, 66% diabetics) who were determined
to be poor candidates for surgical revascularization.
Procedural success (defined as <50% residual stenosis
in all treated lesions) was achieved in 85% of the treated
limbs [97, 98]. The median total length of treated artery
per limb was 11.0 cm. Procedural complications in 12%
of the treated limbs included major dissection (4%), acute
thrombus formation (3%), distal embolization (3%), and
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perforation (2%). The excimer procedure was followed
with adjunctive balloon angioplasty in 96% of the limbs.
Stents (mainly bare nitinol) were placed adjunctively
in 61% of the SFA lesions, 38% of the popliteal lesions,
and 16% of the tibial lesions. Mean lesion stenosis (by
visual estimate) was decreased from 92% at baseline to
55% after laser debulking and to 18% at final assessment. At six-month follow-up, limb salvage was achieved
in 110 (92%) of 119 surviving patients (118 [93%] of
127 limbs); 56% of ischemic ulcers had healed completely [97]. Despite treating a very unfavorable patient
cohort, ELA achieved limb salvage comparable to the
gold standard of bypass surgery. Following the LACI
protocol, a single-center US registry and a five-center
Belgian trial achieved comparable outcomes with the
device [99, 100].
More recently, the EXCITE ISR study was the first trial
conducted under an investigational device exemption
(IDE) to support FDA indication for FP ISR. The trial was
stopped at 250 enrolled patients after successful primary
endpoint analysis. ELA + PTA demonstrated better procedural success with a significant reduction in procedural
complications and post-treatment stenosis as compared
to PTA alone. The primary safety and efficacy endpoints
established superiority of ELA + PTA as compared to
PTA alone [88].

Future
Finally, the concept of biodegradable stents is promising
and enticing. The fact that we can achieve the delivery
of the antiproliferative drug and prevent acute recoil
and negative remodeling with the disappearance of
the stent when the process of neointimal proliferation
halts is an attractive concept. Recently, a multi-center,
non-randomized registry evaluating the efficacy and
safety of a biodegradable (REMEDY) stent demonstrated
a primary patency of 71% and TLR of 22% [101].
The ESPRIT I trial is investigating how a bioresorbable
scaffold might fit into the treatment paradigm for PAD.
The three-year results suggest that an everolimus-eluting
device may provide good functional improvement for
patients with symptomatic claudication. The three-year
data expand on and confirm those findings by showing
that patency continues to be sustained, as does symptom
relief. Freedom from ischemia-driven TLR was 88.1%
at the two-year follow-up, remaining the same at three
years. In terms of safety, there have been no amputations
or bypasses of the treated limb in any patients since the
start of the study [102].
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Tibial and Pedal Plantar Interventions in
Patients with Critical Limb Ischemia
Anand Prasad and Haley Hughston
Division of Cardiology, Department of Medicine, University of Texas Health Science Center at San Antonio, San Antonio, TX, USA

Introduction
Peripheral arterial disease (PAD) continues to grow into
a worldwide pandemic with an age-adjusted prevalence
rising to nearly 12% in developed countries [1]. The
most morbid form of PAD remains critical limb ischemia
(CLI) associated with rest pain, gangrene or limb loss.
Fortunately, CLI remains rare relative to claudication,
occurring in 1–3% of symptomatic PAD cases. However,
aging of industrialized populations, rising rates of diabetes, and chronic kidney disease (CKD) may trigger an
increase in CLI prevalence in the coming decades. Early
revascularization coupled with comprehensive medical
management and wound care remains the cornerstone
for limb salvage. Despite these recommendations, the vast
majority of patients with CLI still undergo amputation
without vascular supply evaluation or revascularization
[2]. Apart from the limb effects, the mortality of CLI is
striking. Approximately 20% of patients first diagnosed
with CLI will die from cardiovascular disease within one
year [3].
Despite these sobering statistics, non-traumatic amputation rates have decreased over the past two decades.
Simultaneously occurring with declining amputation
rates is an increased utilization of endovascular therapies and lower frequency of surgical revascularization
(Figure 16.1) [4]. Driving the rise in endovascular procedures are in part the development of more techniques
and technologies facilitating treatment of complex lesions
previously the domain of open bypass. These lesion subsets include long stenoses, chronic total occlusions

(CTOs), calcified vessels, distal tibial, and pedal-plantar
disease.
Historically, surgical revascularization was the
gold-standard therapy for revascularization in patients
with CLI. The Bypass versus Angioplasty in Severe
Ischemia of the Leg (BASIL) trial published in 2005
explored the amputation-free and overall survival in
patients randomized to bypass surgery-first or balloon
angioplasty-first revascularization strategy in patients
with severe limb ischemia [5]. In the short term, the
bypass surgery-first approach was found to be one-third
more expensive and had higher morbidity when compared to the angioplasty-first strategy. However, after
monitoring patients for two years, the surgery-first strategy was associated with a significant increase in overall
survival and trending toward improved amputation-free
survival [5]. One of the criticisms of the study was its high
selectivity of patients, and in fact 34% of patients were
excluded because of anatomy unsuitable for endovascular
and surgical therapy. With the advances of percutaneous
techniques that will be discussed in this chapter, it is
possible that patients excluded from previous studies
would now be candidates for more novel endovascular
procedures. The ongoing BEST-CLI trial will attempt to
evaluate the success of newer endovascular techniques as
compared with open surgical bypass [6].
In this chapter, we will review the basic epidemiology
of distal tibial and forefoot disease, outline the indications for percutaneous therapy of this vascular territory,
and explore procedural considerations for modern distal
extremity endovascular interventions.
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Figure 16.1 National trends in critical limb ischemia admissions in the United States. Source: Agarwal et al. [4].

Risk Factors and Epidemiology
of Distal Lower Extremity Disease
As stated earlier, CLI remains rare relative to claudication.
However, 5–10% of patients with an initial diagnosis of
PAD progress to CLI over the ensuing five years [7].
Most CLI patients will have multilevel disease involving
two or more territories comprised by the aortoiliac,
femoropopliteal, or infrapopliteal vessels [8]. However,
one-third of CLI patients will have isolated infrapopliteal
disease without hemodynamically significant inflow
disease (Figure 16.2) [9]. Studies have shown older age
(>80), diabetes, hypertension, and CKD are associated
with distal vessel involvement, whereas smoking is associated with proximal inflow stenoses [8, 9]. Despite the
greater disease burden in multi-vessel disease, isolated
infrapopliteal disease carries a worse prognosis in regards
to amputation-free survival, limb salvage, survival,
maintenance of ambulation, and independent living
status [10].
Treatment of multilevel disease in CLI generally
involves revascularization of the inflow lesions followed

by more distal therapy, either at the same setting or
staged later. While the surgical bypass data with respect
to the angiosome concept remains controversial, this
construct has gained acceptance in the endovascular
arena. The angiosome is defined as a three-dimensional
vascular territory supplied by a specific source artery
or arteries (Figure 16.3a) [11]. The concept is akin to
the relationship of dermatomes to nerve root enervation
often invoked in the context of varicella zoster outbreaks.
By targeting distal tibial interventions with the angiosome in mind, wound outcomes appear to be superior to
non-targeted therapy. Iida et al. [12] demonstrated that
establishing direct flow based on the angiosome concept
in CLI patients with infrapopliteal lesions yielded better
results with respect to freedom from major amputation, amputation-free survival, and major adverse limb
events (Figure 16.3b). In practice, angiosome-based
revascularization may be difficult to accomplish due to
length/complexity of disease, extent of collateralization,
and anatomic variability among patients [10]. Indirect
angiosome therapy should still be pursued, and when
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Figure 16.2 Typical presentation of critical limb ischemia. Angiogram shows multilevel arterial disease. Source: Author’s original image.

possible reconstruction of the pedal plantar circulation
should be entertained. To understand both the angiosome
concept and the importance of pedal plantar integrity, an
overview of distal leg and foot anatomy is warranted.

Tibial and Pedal Plantar Anatomy
A thorough knowledge of tibial and pedal anatomy is
needed to accomplish angiosome-directed revascularization. Specific anatomic variants, which may be congenital
and non-pathologic, may be present that can make
identifying specific arteries challenging. Furthermore,
collaterals that have developed after years of ischemia
can be confused with true vessels. We will briefly review
tibial and pedal plantar anatomy and common variants
(Figure 16.4).

Tibial Anatomy
Most individuals at birth have three primary tibial vessels: the anterior tibial artery, posterior tibial artery,
and peroneal artery [13]. The anterior tibial artery provides the anterior circulation to the lower leg. It is a
laterally originating vessel and is the first branch off the
P3 segment of the popliteal artery. It superiorly passes
through the tibialis anterior and extensor hallucis longus
muscle, and therefore lies in the anterior compartment.
This is clinically significant as perforation of the anterior tibial artery can cause compartment syndrome.
At the level of the ankle, it crosses under the extensor
retinaculum and supplies the dorsum of the foot at the
dorsalis pedis. The posterior tibial artery originates off the
tibio-peroneal trunk and lies in the posterior compartment. It transverses behind the medial malleolous and
then divides into the medial and lateral plantar vessels.
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Figure 16.3 (a) Angiosome concept. Source: Iida et al. [11]. (b) Direct angiosome-guided endovascular therapy reduces amputation rates
relative to indirect therapy. Source: Iida et al. [12].
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Figure 16.4 (a) Tibial anatomic variants. (b) Congenitally hypoplastic tibial vessels. Source: Modified from Kim et al. [13].

The peroneal artery also originates off the tibio-peroneal
trunk and lies in the deep posterior compartment, however it supplies the lateral compartment. Furthermore, it
is an important source of collaterals when the primary
tibial vessels become occluded [14].
Plantar Anatomy and Variations
The plantar anatomy is best displayed in anterior posterior
and left oblique lateral angiographic views (Figure 16.5).
Anatomic variations and connections are shown in
Figure 16.6. The deep plantar arch receives anterior circulation from the dorsalis pedis and posterior circulation

from the lateral plantar artery [15]. However, in 10%
of patients the anterior and posterior circulations do
not communicate. The arcuate artery normally originates from the dorsalis pedis, however 30% of people
will have an absent arcuate artery. Six to twelve percent
of individuals will have an anatomic variant in which
the lateral tarsal artery is the dominant anterior vessel
and there is no dorsalis pedis present [15]. The lateral
tarsal artery is also important in cases of more proximal
occlusion of the anterior tibial artery to provide communication between the posterior and anterior systems
(Figure 16.7).
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Figure 16.5 (a) Lateral oblique view of the foot. (b) Anterior posterior view of the foot. Source: Modified from Manzi et al. [15].
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Pedal plantar loop: anatomic variation

(a)

Pedal plantar loop: anatomic variation

Anatomic variation:
Anterior and posterior circulations
do not communicate: ~10% of
individuals.
(b)
Figure 16.6 (a) Anatomic variation: no dorsalis pedis artery. (b) Anatomic variation: incomplete pedal-plantar loop. (c) Occluded posterior

circulation. Source: Modified from Manzi et al. [15].
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consensus statement [17]. In lieu of strong medical
evidence to guide the role of endovascular intervention
in infrapopliteal arterial disease, SCAI provides expert
opinion regarding clinical scenarios when endovascular
intervention for infrapopliteal disease is appropriate (see
Table 16.1). The clinical scenarios below assume that any
significant inflow disease has been revascularized.

Pedal plantar loop:
connections and collaterals

Clinical Approach to Tibial Disease

Posterior circulation is
occluded but
fills from anterior
circulation
(c)
Figure 16.6 (Continued)

Indication and Rationale
for Endovascular Intervention
in CLI
The goal of lower extremity arterial intervention should
include relief of pain, healing of ulcerations, preservation
of the limb from major amputation, improvement in
quality and functionality of life, and prolonging survival
[16]. The Trans-Atlantic Inter-Society Consensus (TASC
II) classifies atherosclerotic disease pattern according
to anatomic distribution, number, nature of lesion,
and overall success rates of treating the lesion using
endovascular or surgical approaches. This classification system has traditionally guided lower extremity
revascularization approaches, particularly with respect to
open surgery. The original TASC I classification included
aortoiliac, femoropopliteal, and tibial vessel runoff. The
TASC II classification system reduced focus on tibial
disease [7]. The TASC II guidelines also do not provide
recommendations for patients with multilevel disease,
which, as mentioned above, is common for CLI patients.
Therefore, the TASC classification is unable to provide
guidance for the treatment of tibial vessel disease and
multilevel disease.
A modern approach suggested for both terminology and guiding endovascular therapy is provided by
the Society of Cardiovascular Angiography (SCAI)

Patients with history and physical exam findings concerning for CLI should generally have non-invasive testing to
establish a diagnosis. However, there are several pitfalls to
the routine non-invasive tests used to evaluate for lower
extremity PAD. Challenges in this respect are due to the
inability of traditional testing to detect very distal disease,
false elevations of pressures in cases of vascular calcification, and limited modalities to assess plantar wounds.
This latter scenario deserves particular emphasis as up to
50% of “neuropathic” plantar ulcers may have underlying
ischemia as an etiology for poor healing [17]. This finding
has given rise to the term “neuro-ischemic” ulcer. Given
these challenges, it is the authors’ opinion that in the context of a compelling history and physical exam, the diagnosis of possible ischemia should be suspected in poorly
healing ulcers regardless of objective testing.
The ankle-brachial index (ABI) is a simple yet powerful
tool and usually the first test of choice to detect PAD.
Unfortunately, the ABI is traditionally defined as the
highest systolic blood pressure of either tibial (AT or PT)
vessel pressures divided by the highest systolic brachial
pressure (so called ABI-High) [18]. While useful for
detection of likely severe PAD, in the context of CLI both
the ABI-High and ABI-Low (lower of the pedal pressures
divided by the highest brachial pressure) should be examined. In addition, a normal ABI or non-compressible ABI
does not rule out stenosis in patients with medial calcification, such as those with CKD or diabetes [19, 20].
The ABI, when appropriate, should be supplemented
with other tests, such as segmental limb pressures, the
toe brachial index (TBI), skin perfusion pressures (SPPs),
and transcutaneous oxygen measurements (TCOMs)
[21, 22].
The TBI is often coupled with the ABI measurement
and can be useful in CLI as digital arteries are less susceptible to calcifications and, therefore, less prone to false
elevations in the ratio [23]. However, the limitations of
TBI measurements are that it requires specialized equipment to perform and may be difficult or impossible to
perform in patients with toe ulcers or amputations. TBIs
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Figure 16.7 Occlusion of the anterior circulation with filling of the dorsalis pedis from the posterior tibial artery via the lateral tarsal artery.
Source: Author’s original image.

are obtained by placing a small digital cuff on the first or
second toe with a digital flow sensor beyond the cuff that
commonly uses an infrared light to generate a photoplethysmorgraphic arterial waveform. In normal patients
TBI should be >0.75 [24, 25]. Patients with TBI <0.70
are classified as abnormal and patients with TBI <0.25
are classified as having severe CLI. Per TASC guidelines,
patients with toe pressures <30 mmHg and rest pain,
or <50 mmHg and ulcers or gangrene are consistent
with CLI [7]. Furthermore, toe pressures >55 mmHg in
diabetic patients predict better ulcer healing [7].

TCOMs are useful to help evaluate for ischemia when
the etiology of an ulcer is unclear, to determine adequate oxygenation after revascularization, to evaluate for
potential response to hyberbaric oxygen therapy, and to
guide the level of amputation. TCOMs are performed
by placing a platinum oxygen electrode around the ulcer
and another electrode on the chest. The electrodes detect
diffusion of oxygen from capillaries to the skin surface.
The technique is limited in cases of leg edema, thick
dermis, and plantar wounds. For reference, a value of
60 mmHg or chest/foot ratio of 0.9 is normal [26, 27].
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Table 16.1 Clinical scenarios in which treatment of infrapopliteal
artery disease may be considered [16].
Appropriate
care

• Moderate-severe claudication (RC 2-3) with
two- or three-vessel IP disease (if the arterial
target lesion is focal)
• Ischemic rest pain (RC 4) with two- or threevessel IP disease (to provide direct ﬂow to the
plantar arch and to maximize volume ﬂow to
foot)
• Minor tissue loss (RC 5) with two- or threevessel IP disease (to provide direct ﬂow to the
plantar arch and to maximize volume ﬂow to
foot)
• Major tissue loss (RC 6) with two- or threevessel IP disease (to prevent major amputation
and to facilitate healing a minor amputation)

May be
appropriate
care

• Moderate-severe claudication (RC 2-3) with
two- or three-vessel IP disease (occlusion or diffuse disease)
• Ischemic rest pain (RC 4) with one- or twovessel IP disease (to provide direct ﬂow to the
plantar arch and in two-vessel to maximize volume ﬂow to foot)
• Minor tissue loss (RC 5) with one-vessel IP disease (to provide direct ﬂow to the plantar arch
and to maximize volume ﬂow to foot)

Rarely
appropriate
care

• Mild claudication (RC 1) with one-, two- or
three-vessel IP disease
• Moderate-severe (RC 2-3) claudication symptoms with one-vessel IP disease
• Major tissue loss (RC 6) with one-vessel IP
disease

RC, Rutherford classiﬁcation; major amputation, removal of leg either
above or below the knee but above the ankle; minor amputation,
removal of the foot or portions of it (i.e. isolated toes).

Non-diabetic patients with clean ulcers and no tissue
edema require a TCOM level of ≥40 mmHg for likely
ulcer healing. As expected, patients with diabetes have
a greater chance of ulcer healing with a higher TCOM
level [26, 27]. It is important for patients to be aware
that the electrode does generate some heat, which can
cause some discomfort [28]. Similar to TCOMs, SPP
is another useful tool to assess tissue oxygenation and
likelihood of ulcer healing. Skin perfusion pressure
measures the minimal external pressure that occludes
microcirculation using a laser Doppler. SPP > 40 mmHg
has a strong correlation to better ulcer healing and
has been shown to be improved by revascularization
[28].

Endovascular Techniques for Tibial
and Pedal Plantar Intervention
Access: Contralateral, Antegrade,
and Retrograde
When patients meet the indications for endovascular
therapy of CLI, the procedure should be well planned
out, beginning with access. The access technique will
often determine which vessels can be approached, what
equipment can be used, and in many cases procedural
success.

Contralateral Femoral Access
Contralateral femoral access remains the most common approach to treat infrainguinal PAD, but may have
limitations when trying to treat infrapopliteal lesions.
A longer sheath of 55, 65, or >70 cm sheath may be
required because of patient height and/or sheath support
for calcified lesions. Only in the shortest individuals is
contralateral access appropriate for intervention on the
pedal circulation. Other potential drawbacks include
image quality and use of excessive contrast.

Antegrade Ipsilateral Femoral Access
Although traditionally challenging, the limitations of
contralateral access can be largely alleviated by an antegrade approach. The use of ultrasound (US) guided
micropuncture cannulation has substantially improved
the success of this access strategy. The patient should be
placed in a reversed supine position with the feet under
the flat panel and the head covered with an elevated drape
(“tented”) to allow patient comfort. Access is preferred at
the site of the common femoral artery (CFA) because of
the ability to compress the artery with manual pressure
or with use of closure devices. Furthermore, access at the
junction of the CFA and superficial femoral artery (SFA)
or the first centimeter of the SFA is acceptable. More distal
access of the SFA increases the risk of bleeding into the
quadriceps region and possible compartment syndrome,
and should therefore be avoided. It should be noted that
direct antegrade puncture up to 7 cm below the femoral
head has been described, however the safety of this
technique needs further study [29]. Overall, antegrade
access provides increased device support, the ability
to access distal vessels not accessible by contralateral
approach, and a superior image quality. The presence of
inflow disease in the CFA or SFA may limit placement of
antegrade sheaths or contribute to impaired flow during
the case. Generally, this mode of access is the author’s
approach to pedal plantar reconstruction and very distal
tibial disease.
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To preferentially access the proximal SFA (or distal
CFA/SFA junction), the micropuncture needle should
be medially angulated as lateral directionality will favor
cannulation of the profunda femoris. However, if the
micropuncture wire is introduced into the profunda
femoral artery despite a superior needle entry into the
CFA, a small microsheath can be introduced in the profunda. A second angled hydrophilic wire (e.g. the V18
Control Wire, Boston Scientific, Marlborough, MA) can
then be used to wire the SFA while drawing the sheath
back from the profunda to the origin of the bifurcation.
Once the microsheath is placed over the wire in the SFA,
a stiff 0.035-in. guide wire (Amplatz, Super Stiff, Boston
Scientific) can then be used for support during larger
sheath placement. At the completion of the procedure,
extravascular closure devices (e.g. Vascade [Cardiva
Medical, Santa Clara, CA] or Mynx [AccessClosure, Inc.,
Santa Clara, CA]) should be strongly considered, even
with access of the proximal SFA.

Retrograde Ipsilateral Tibial or Pedal Access
To increase the procedural success of below-the-knee
CTOs it is important to consider the retrograde approach,
which may include distal tibial or pedal access [30]. Compared to proximal caps, distal caps of these CTO lesions
may have more favorable angiographic characteristics
(tapered tip or clear defined cap) as compared to the
proximal site of occlusion. The distal cap may be easier
to penetrate in many cases. Furthermore, microchannels
and vessel islands of reconstitution may be more easily
seen with retrograde injection compared to antegrade
injection (Figure 16.8).
Fluoroscopic landmarks, such as calcification or
bone margins, use of angiographic correlation, or
direct ultrasound-guided micropuncture have all been
described to guide access points. Due to the wide availability of ultrasound visible needles and hand-held
sonographic systems, we suggest using the ultrasound
approach. Furthermore, ultrasound can help identify
tibial veins to avoid accidental cannulation. The relationship of the tibial or pedal artery with its respective
veins is readily identifiable. Generally, two or more veins
accompany the artery, the arterial wall often has calcification, and pulsatility is often (but not always) present.
We recommend use of a high frequency (7–15 MHz)
hockey stick probe to evaluate (i) the vessel diameter
(ideally greater than 2 mm), (ii) the degree of calcification, and (iii) the tortuosity of the vessel. Common
access sites are the dorsalis pedis, the posterior tibial
above the medial malleolus, the distal anterior tibial
above the ankle, and, less frequently, the distal peroneal
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artery. The peroneal artery presents challenges due to
its deeper course and resulting concern for hemostasis,
however should hemostasis with balloon tamponade fail,
it is possible to use coronary diameter covered stents.
To increase ease of access into the posterior tibial, the
foot should be dorsiflexed and rotated externally. For
access into the dorsalis pedis artery the foot should be
plantar flexed.
Having a retrograde sheath in place (as opposed to
a microdilator only strategy) allows for easier interchange of wire and support catheters, secures access,
and facilitates angiography. We typically use the Cook
Micropuncture Pedal Introduce Access Sheath 2.9 Fr
inner diameter (Cook Medical, Bloomington, IN) or the
Terumo Pinnacle Precision Access System Sheath 4 Fr
inner diameter (Terumo IS, Somerset, NJ). With a sheath
in place, it is essential to use intra-arterial vasodilators,
including nitroglycerin and/or calcium channel blockers.
We are also aggressive with anticoagulation, targeting an
activated clotting time (ACT) >250 seconds. Once the
sheath is in place, it should be gently aspirated, flushed
regularly, and secured with an adhesive covering. Even
with the aggressive anticoagulation strategy, the sheath
can be removed with manual pressure or with a radial
artery compression band if an ankle level site is used
immediately following the intervention. If the sheath is
kept in at the end of an intervention and the target tibial
vessel flow appears sluggish, the occlusive sheath is likely
the cause. In these cases, the sheath can be removed
and the blood flow re-evaluated or the sidearm actively
aspirated during angiography.

Metatarsal and Direct Pedal Loop Access
The distal foot circulation can be accessed directly via
the arch/pedal loop vessels by retrograde recanalization
with ipsilateral antegrade access, especially if antegrade
approach has already failed. As established by Palena and
colleagues, the first dorsal metatarsal artery or the pedal
loop itself can be accessed with a 21-gauge microneedle
and microsheath (Cook sheath, Cook Medical, Bloomington, IN) with the help of fluoroscopic or ultrasound
guidance and pre-treatment vasodilators (Figure 16.9)
[31, 32]. Once the sheath is several millimeters in the
target vessel, it should be secured with adhesive tape. A
0.014- or 0.018-in. diameter wire with crossing catheter
support can be used for retrograde crossing. An antegrade access can facilitate wire capture and treatment
from above. Once the sheath is removed, hemostasis
can be achieved by manual pressure or by small balloon
tamponade (2.0 mm balloon).

48 year old AA male with DM, HTN, history of renal
transplant (R iliac graft). Patient with labile
renal function GFR 45−58 ml/min over past 6 months.

The patient developed gangrene of several toes which
led to transmetatarsal amputation. The amputation site
failed to heal and dehisced.

The patient was noted to have multilevel disease involving a SFA CTO, proximal tibial disease,
mid to distal tibial CTOs, and faint filling of a dorsalis pedis.

(a)

(b)

Viance catheter
(Medtronic) used
to cross SFA CTO
with true lumen
passage.

Directional
atherectomy with
Hawk One device
(Medtronic) with
6.0 Spider Filter
EPD placed in
popliteal

Post atherectomy
angio

Result following
PTA with a 6.0
mm diameter
IN.PACT Admiral
Drug-Coated
Balloon

The SFA lesion was treated first with failure of antegrade approach
to the AT CTO (not shown).
(c)

Ultrasound-guided access of the
dorsalis pedis artery and
placement of 4 Fr Precision
(Terumo Medical) sheath with
retrograde injection.
(d)

Figure 16.8 (a) to (f) Multilevel disease requiring staged interventions, including a retrograde tibial approach. Source: Author’s original images.
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(e)

Crossed CTO with Viance catheter
retrograde and then Viance
advanced into sheath

0.014" QuickCross
Support catheter
(Spectranetics)
advanced over
externalized wire and
pedal sheath pulled

Injection through
the QuickCross
confirms good
position in the DP

Viperwire (CSI) advanced
through the QuickCross and
1.25 Solid Crown used for
atherectomy in AT.

2.5 × 2.0 × 210 Tapered
balloon used for PTA × 4
minutes with restoration of
inline flow through AT into DP.

(f)

Foot 2 weeks after SFA
intervention.

Foot 6 weeks after tibial
intervention.

Foot 11 weeks after tibial
intervention with surgical
flap and complete healing.

Figure 16.8 (Continued)
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(a)

(b)

(c)

Figure 16.9 (a) Antegrade angiogram. The red line indicates access from the first metatarsal artery into the pedal circulation. (b) and (c) First
metatarsal artery punctures and retrograde recanalization of the first metatarsal artery and pedal artery. Source: Modified from Palena et al.
[31].

Crossing Tibial Chronic Total Occlusions
In comparison with coronary CTOs, an algorithmic strategy for infrapopliteal CTOs is still in a nascent stage [33].
Therefore, much of the approach is determined by operator experience, availability of tools, and specific patient
and lesion characteristics. It is critical for the operator to
have a thorough understanding of the catheter and device
sizes of the balloon, stent, atherectomy catheter, EPD,
and their compatibility with the sheath to be successful
in treating tibial and pedal disease. Bailout strategies
should be pre-identified in case one approach fails. In
general, there are two different techniques for crossing
a CTO, the wire/support catheter approach versus the
crossing device technique. Although available registry
data (such as those from the Excellence in Peripheral
Arterial Disease [XLPAD] Registry) suggest that crossing
devices may have higher success rates compared to a
wire/catheter-based technique, there are no randomized

control trials comparing their superiority [34]. Table 16.2
lists different crossing devices that can be utilized in tibial
vessels and their characteristics.
For the wire-based technique, we recommend using
either coronary 0.014-in. diameter guide wires (3–12+ g
tip weight) or heavier peripheral specific wires (18 to
>20 g tip weights in either 0.014- or 0.018-in. diameters). It remains unclear whether a wire escalation
strategy or initial use of a heavy tipped wire is more
appropriate. Hydrophilic wires appear most helpful when
a microchannel is readily identified. Use of real-time
ultrasound guidance can be helpful to navigate the wire
within the vessel lumen and potentially avoid subintimal
entry (Figure 16.10).
Subintimal Passage Management
The value of true lumen navigation versus subintimal
passage and re-entry in the lower extremity circulation

Table 16.2 Crossing devices that can be utilized in tibial vessels.
Crossing device

Manufacturer

Description

Viance

Covidien/Medtronic

WildCat/KittyCat
Ocelot

Avinger
Avinger

Blunt manual probing/controlled dissection.
Can be used retrograde
Manual or assisted blunt dissection
Manual or assisted blunt dissection with OCT guidance

Peripheral Crosser
TruePath
Frontrunner XP

Bard
Boston Scientiﬁc
Cordis

High frequency vibrations to penetrate tissue
Diamond coated rapidly rotating tip
Blunt microdissection
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Figure 16.10 Wire in-transit through a tibial vessel as visualized by
extravascular ultrasound. The arrows indicate the course of the wire.
Source: Author’s original image, courtesy of Dr. Fadi Saab.

remains a source of debate. True lumen passage allows for
aggressive debulking with atherectomy and can decrease
the need for stenting. When evaluating 438 infrainguinal
CTOs from the XLPAD registry, it was found that 27%
of interventions involved entry into the subintimal space
[34]. Predictors for entering into the subintimal space
included longer lesions, CTOs with blunt distal stumps,
and side branches at distal stumps. Only 8% of attempts
to re-enter the true lumen were unsuccessful, and these
were typically associated with infrapopliteal disease and
calcified lesions. Long areas of subintimal passage can
cause impaired flow that may further require adjuvant
stent therapy. Furthermore, due to the length and small
size of tibial vessels, the choice of stents may be very limited. Intravascular ultrasound can be useful to determine
the extent of subintimal passage, the location of the true
lumen exit, and the segment that can be treated with
atherectomy. Infrapopliteal subintimal angioplasty does
have adequate clinical outcomes as suggested by several
studies, however there are less data in this context as
compared to the femoropopliteal bed [35].
When a wire has subintimal passage, the general
approach is to attempt re-entry or use opposite direction
access and attempt a reverse controlled antegrade and
retrograde tracking and dissection (CART) maneuver. Although re-entry can be challenging, it can be
accomplished with a stiff angled wire and catheter
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method, a needle-based technology (e.g. the Outback
catheter system, Cordis, Fremont, CA), or a balloon orientation/penetration wire combination (e.g. the Enteer
system, Medtronic [Minneapolis, MN]) [36]. The balloon
orientation/penetration combination device is particularly useful in our practice in distal tibial vessel re-entry.
Familiarity with a re-entry system may be helpful and
improve technical success. According to Setacci et al. [37]
success with standard wire re-entry is 83.5%. Among the
16.5% attempts that were unsuccessful, re-entry was successful in 79% when a re-entry device was used. Overall,
total success with provisional re-entry devices was found
to be 96.5% [37].
If a true lumen re-entry is not attempted or fails,
passage of a second wire in the opposite direction can
be attempted. If the second wire is unsuccessful at true
lumen passage, CART and subintimal arterial flossing with antegrade-retrograde intervention (SAFARI)
are two subintimal strategies that can be utilized to
re-establish true lumen wire position [38, 39]. In the
CART technique a small diameter balloon (2.0 mm)
is inflated over the retrograde wire as the subintimal
antegrade wire is advanced into the distal true lumen.
Reverse CART is a similar procedure except with reversal
of the balloon inflation over the antegrade wire and the
retrograde wire being passed into the true lumen. The
SAFARI approach is now less commonly used with the
improvement of true lumen crossing tools and re-entry
devices, but has an 85–100% technical success rate [38].
This approach is accomplished by forming a looped tip
on the guidewire then dissecting past the occlusion into
the subintimal space and joining the opposite wire. Both
ends of the subintimal space entry should be dilated by
the balloon before proceeding with angioplasty.
Intervention After Crossing Lesion

Atherectomy
Over the past decade the number of atherectomy
approaches has increased to include rotational, orbital,
directional, and laser. However, data are lacking on
which specific device(s) is angiographically or clinically
superior for treating CLI. The role of atherectomy as
compared to PTA alone remains controversial. The use
of atherectomy for lesions which have failed prior PTA
(Figure 16.11), in heavily calcified lesions, or stenoses
in anatomic locations not amenable to bail out stenting
makes practical sense. Several commonly used below
the knee (BTK) atherectomy tools are summarized in
Table 16.3.
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Diabetic female with left second toe gangrene. Patient with multi-level infrainguinal disease.

Prior to planned amputation, she
underwent recanalization of a popliteal
CTO and orbital atherectomy of proximal
tibial and dorsalis pedis lesions with
adjunctive PTA (not shown).

Healing stalled 8 weeks
later with a persistent
amputation site wound
defect.

Repeat angiography with
restenosis of the dorsalis pedis
artery lesions (black arrows).

(a)

Post atherectomy and
PTA of lesion.
Heavily calcified lesion
(circle) in dorsalis pedis.
Treated with Phoenix
atherectomy catheter (arrows).

6 weeks post dorsalis pedis
intervention with healed dorsal
wound.

(b)
Figure 16.11 (a, b) Use of pedal atherectomy in a restenotic lesion. Source: Author’s original images.
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Table 16.3 Selected atherectomy devices for tibial disease with mode of action.
Device

Manufacturer

Mode of action

CSI

Cardiovascular systems
incorporated

• Orbital atherectomy: diamond-coated crown which rotates at
speeds varying from 60 000 to 200 000 rpm
• Ablates plaque to particle sizes 2 μm [40]
• Sizing of crowns:
tibials/peroneal
Reference vessel diameter: 2–4 mm
1.25 mm solid crown
1.50 mm classic crown
1.25 mm solid microcrown
below-the-ankle
Reference vessel diameter: 2–4 mm
1.25 mm solid microcrown
• Microcrown 1.25 mm size can be used retrograde through
4 Fr precision (Terumo) sheath
• Treats lesion in both directions
• Device used over a Viperwire (0.014-in. or 0.017-in. tipped)
• Filter rarely needed, but NAV6 ﬁlter system (Abbott) can be used
(off label) by back loading on 0.017-in. tipped Viperwire (CSI)

Jetstream

Boston Scientiﬁc

• Rotational atherectomy device with or without blade deployment
for additional cutting
• Atherectomy is coupled with active aspiration of debris
• JETSTREAM XC (above the knee) and SC (below the knee, 1.6 and
1.85 mm devices)
• The SC devices do not have expandable blades
• Device used over a 0.014-in. JETWIRE. Ofﬂabel use over ﬁlter wires
has been performed. Care should be taken when using over Spiderwire (Medtronic) to avoid vessel trauma or ﬁlter damage from
rotation of the ﬁlter during atherectomy
• Minimum sheath size is 7 Fr

Laser

Spectranetics

• Excimer laser emits energy at a wavelength of 308 nm, ablating
thrombus and plaque
• Strengths are for crossing “un-crossable” lesions
• Most commonly used with adjunctive PTA.

Phoenix

Volcano Corporation

• Front cutting system based on the Archimedes screw which captures and delivers plaque to a waste bag
• 5–6 Fr, 1.8–2.2 mm catheter tip for BTK application

Rotablator

Boston Scientiﬁc

• Diamond tipped front cutting burr delivered over a 0.009 burr
• Can be delivered through a 4 Fr sheath or larger
• 1.5, 1.75 or 2.0 burr sizes used for BTK applications

TurboHawk/
SilverHawk

Medtronic

• Directional cutting device with packing of plaque into nose cone
• Small vessel BTK cutters include SS, SC and EXL and ES
(2–4 mm, 2–3 mm diameter target vessels, respectively), 6 Fr sheath
compatible
• Distal tibial and pedal cutter: DS 1.5–2.0, 5 Fr sheath compatible
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Angioplasty
Percutaneous transluminal angioplasty (PTA) is the
cornerstone of interventions performed after BTK CTOs.
Although the patency rate in one year after PTA is as
low as 60%, PTA has a limb salvage rate of 90% [41].
New balloon technology has been developed to improve
crossing profiles, provide longer shafts and balloon
length, and provide tapered balloons to imitate the tibial
vessels change in size [42]. Coronary balloons can even
be used in place of dedicated peripheral balloons and
are particularly useful in distal vessels due to their deliverability. The optimal technique for peripheral balloon
inflation is similar to the original pre-stent era coronary
“plain old balloon angioplasty” or POBA method. The
balloon should be gradually inflated at a 1 : 1 vessel
balloon ratio for three to five minutes and then slowly
deflated. Areas of fibrosis or calcification may require
focal PTA before passing longer peripheral balloons,
which are available in tapered sizes. Although dissections
are not uncommon, with proper technique they are
rarely flow limiting. Due to the risk of dissection and the
fibro-calcific nature of plaque below the knee, there has
been research into specialty balloons that score plaque
and prevent large dissections. Some of these balloons
include (i) the well-established Flextome Cutting Balloon
(Boston Scientific, Marlborough, MA), which consists of
a non-compliant balloon with blades that score plaque,
(ii) the Angiosculpt balloon (Spectranetics, Colorado
Springs, CO), which is a balloon with helical nitinol
scoring elements, and (iii) the Chocolate (TriReme,
Pleasanton, CA) balloon, which is a semi-compliant
balloon in a nitinol cage that distributes inflation forces
along the balloon length. Although these specialty
balloons may result in fewer dissections, the level of
evidence supporting this claim is lacking in comparison
to standard PTA inflations performed in a controlled
manner. Restenosis due to elastic recoil and neo-intimal
hyperplasia is another limitation of PTA. As a reminder
from the experience from the BASIL trial, despite the risk
of restenosis with a PTA-only approach, wound-healing
rates are comparable to surgical bypass. However, if
wound healing stalls despite adequate adjunctive care,
restenosis should be suspected and the patient may
require repeat angiography and further intervention.

Bare Metal Stents
To address the limitations of PTA, stenting has been
employed to treat flow-limiting dissections or persistent
restenosis. Bare metal stent (BMS) options include coronary diameter balloon expendable stents or ≤4.0 nitinol

self-expanding stents, which are largely available outside
the United States. Bare metal coronary stents used in the
tibial circulation have a reported primary patency and
freedom from target lesion revascularization (TLR) rate
of 50–70% [43]. Nitinol self-expanding stents suffer from
restenosis as well, with six month binary restenosis rates
approaching 70% [44]. Therefore, these findings suggest
that bare-metal stenting is only modestly better than PTA
alone. As noted the goal of stenting is to provide mechanical scaffolding following post-angioplasty flow-limiting
dissections. In this context, a novel technology from
Intact Vascular (Wayne, PA) has been developed which
allows the placement of small tacks to support the vessel
lumen [45]. The tack is made of a self-expanding nitinol
stent 6 mm in length. Several tacks can be placed as
needed to treat arterial dissections following angioplasty
that would require placement of long stents. Clinical
studies on this device system are currently underway to
assess patency and durability.

Drug-Eluting Technologies
To further combat the risk of restenosis, antineoproliferative therapy has been explored in both
drug-eluting stents (DESs) and drug-eluting balloons
(DEBs). Drug-eluting stents have excellent primary
patency rates with single center studies and single center
registries reporting patency rates averaging approximately 90% [46]. The YUKON-BTK trial, ACHILLES
trial, and DESTINY trial have also reported patency
rates of 80–85% compared to the primary patency rates
of 54–60% with PTA and/or BMSs when target lesion
lengths are less than 3 cm [43, 47, 48]. A meta-analysis of
only randomized control trials investigating the outcomes
of tibial revascularization found that DES use significantly
reduced the risk of TLR, restenosis, and amputation at
one year follow-up when compared to PTA and BMS
implantation [49]. Despite its excellent patency rate, DES
use is limited when treating CLI because of the relative
short length of DESs available (<40 mm currently), long
lesion lengths, cost with placing multiple DESs, the risk
of stent thrombosis and potential need for longer terms
of antiplatelet therapy, concern for preserving potential
landing zones for future bypass, questionable efficacy
of using a stent in a small-diameter, diffusely diseased
vessel, and the no-stent zones near the ankle and tibial
plateau.
Due to the multiple drawbacks of DES therapy, DEB use
has garnered considerable interest. The DEBATE-BTK
trial provided proof of concept that balloon-delivered
drug therapy may have benefits in tibial disease [50].
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This study was a randomized trial in diabetic patients
with CLI that compared the IN.PACT Amphirion DCB
(Medtronic, Minneapolis, MN) with conventional PTA
(1 : 1 randomization). Overall, 158 diabetics with de
novo lesions including 78% CTOs below the knee were
included. At one year, the DCB group had a lower rate of
binary restenosis (27% vs. 74%; p < 0.001) and TLR (18%
vs. 43%; p = 0.01). There was no increase in amputations
noted in the DCB arm. The IN.PACT DEEP trial was a
subsequent larger core lab-adjudicated study evaluating
DCB therapy in CLI patients [51]. There was no difference
between DCB and PTA in the primary efficacy endpoint
(DCB vs. PTA, respectively: CD-TLR of 9.2% vs. 13.1%;
p = 0.291) or late lumen loss (LLL) of 0.61 ± 0.78 mm
vs. 0.62 ± 0.78 mm (p = 0.950). Major amputation-free
survival rates at 12 months were 81.1% and 89.2%
(p = 0.057), respectively, in the DCB and PTA arms.
The lack of efficacy of DCB therapy and the numerically
higher rate of amputations in the DCB arm tempered the
enthusiasm of this specific technology below the knee. It
should be noted that the study was still relatively small
and had a high rate of loss to angiographic follow-up. A
number of additional studies are evaluating the use of
DCBs for treatment of infrapopliteal disease. The ongoing
Lutonix Drug-Coated Balloon Versus Standard Balloon
Angioplasty for Treatment of Below-the-Knee Arteries
(LUTONIX BTK, NCT01870401) trial will enroll 480
patients with CLI to examine the role of DCB therapy
in infrapopliteal disease, while the ongoing Atherectomy
and Drug-Coated Balloon Angioplasty in Treatment of
Long Infrapopliteal Lesions (ADCAT, NCT01763476)
study will explore the role of atherectomy as an adjunct
to DCB therapy in below-the-knee disease.
Considerations for Pedal-Plantar Intervention
While many of the crossing techniques and approaches
are similar, intervention of the pedal-plantar loop requires
specific considerations. The importance of the pedal arch
with respect to wound healing remains understudied.
Relatively dated surgical data would suggest that for
femoral popliteal bypasses, the pedal arch patency provides additive improvement over proximal tibial patency
for venous graft durability [52]. The concept of complete
outflow to the foot in the context of distal bypass patency
was evaluated more recently with mixed results. Rashid
et al. [53] examined the angiographic characteristics
of the pedal arch (complete arch, incomplete arch, or
no arch) in relation to distal tibial bypass patency. The
authors found that the quality of the pedal arch circulation did not impact the patency or the amputation-free
survival rates. However, the healing rate was directly
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related to pedal arch patency. This association was
stronger than that between angiosome-directed bypass
and wound healing.
Emerging registry data would suggest that wound
healing is also improved in selected populations with
endovascular therapy of pedal vessels [54]. Data remain
lacking in this regard but advances in CTO wires and
low-profile balloons have allowed endovascular specialists to address pedal arch occlusions. As stated
above, from a procedural standpoint endovascular
reconstruction of the pedal-plantar arch requires substantial support and therefore an antegrade ipsilateral
access is ideal. In the case of stenotic but non-occluded
vessels, a “workhorse wire” can be attempted to navigate the pedal arch, however often hydrophilic wires
are required. Wire spasm is common and copious
use of nitroglycerin during the procedure is recommended. For CTOs, blunt microdissection (using the
Viance catheter) or use of CTO wires (0.014 in.) with a
low-profile support catheter can be entertained. Once the
lesion is crossed initial dilation with a small ≤1.5 short
length coronary balloon, followed by increasing balloon
lengths, should be performed. In our experience, the
pedal-plantar arch can accommodate a balloon diameter of 2–2.5 mm. Ultimately, delivery of a long balloon
with a prolonged, about five minutes, inflation is often
necessary to obtain a satisfactory angiographic result
(Figure 16.12).
Complications
As with any procedure, there are possible complications
that may occur when patients undergo peripheral angiography and interventions. This is especially true when
considering the patient population that requires limb
salvage procedures in the first place. Most patients have
multi-organ dysfunction and procedural complications
can result in increased morbidity and mortality.
Distal embolization is a major potential complication that may occur during endovascular therapy and
can range from a subclinical event to a clinically relevant event (see Table 16.4). To codify these events,
the authors have proposed a classification scheme [56].
Subclinical embolization events can be detected by
high-intensity signals (HITSs) via ultrasound during
an intervention. Angiographic findings can include
small vessel cutoffs and loss of side branches. Although
more subclinical embolizations may not have immediate clinical impact and may not be treatable by further
therapy, the long-term impact on major vessel patency
and limb salvage is unknown. Clinically relevant distal
embolization results in pain and tissue loss, and can result
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(a)

(b)

Anterior tibial and peroneal arteries patent
with occluded posterior tibial artery in a
patient with plantar ulceration.

Wiring of anterior tibial dorsalis pedis crossed CTO of lateral
plantar artery crossed CTO of posterior tibial artery. Followed by
angioplasty with short (not shown) then a long 2.0 mm diameter
balloon across pedal plantar loop into posterior tibial artery.
Reconstitution of pedal circulation following angioplasty.

Figure 16.12 Reconstruction of the plantar circulation into the posterior tibial artery from the anterior tibial artery. Source: Author’s original

image.
Table 16.4 Proposed classiﬁcation of distal embolism events [55].
Distal
embolization
type

Manifestation

Comments

Type I

Subclinical: embolic high-intensity
signals detected by ultrasound
Subclinical: small distal vessel cutoffs, or

Unknown signiﬁcance; commonly occurs during most endovascular
procedures
Has little immediate clinical impact but longer term relevance is

loss of microvascular blush
Clinical: slow ﬂow in macro-vessels
without visible thrombus

unknown
Can be seen after atherectomy. Often responds to vasodilators (calcium
channel blockers or adenosine)

Type IV

Clinical: slow or no ﬂow in
macro-vessels with visible embolus

Macro-embolism can be related to thrombus or atherosclerotic debris.
Can respond to aspiration thrombectomy, use of intravascular
glycoprotein IIb/IIIa inhibitors, or thrombolysis

Type V

Clinical: no ﬂow in major vessel
without visible embolus

May occur due to extensive microvascular congestion from diffuse
embolization. May respond to vasodilators or thrombolysis.
Intravascular ultrasound may be helpful to differentiate dissection
from no-reﬂow

Type II
Type III

in macrovascular flow occlusion in 1–4% of cases [56].
If a single macrovascular embolization is visible it can
be retrieved with aspiration thrombectomy catheters
[57, 58]. However, if the embolization is more diffuse,
thrombolytic infusion can be helpful. Adjuvant use of
glycoprotein IIb/IIIa antiplatelet agents has also been
described [59].

Being aggressive with vasodilators, limiting orbital,
or rotational atherectomy run times, and maintaining
adequate antithrombin and antiplatelet therapy can
prevent distal embolization. Filter embolic protection
devices should be considered when the target vessel is an
appropriate size to prevent macrovascular embolization.
Using distal filters with orbital or specific rotational
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Failed attempt at anterior tibial
artery recanalization with
perforation of distal vessel (arrow)
fed by collaterals.
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Perforation easily managed with
manual compression.

Figure 16.13 Small perforation of the distal anterior tibial artery managed with manual compression.

devices requires device-filter compatibility and, in our
practice, we have rarely found it necessary to use embolic
protection devices (Nav-6, Abbott Vascular, Santa Clara,
CA) with orbital atherectomy. We often use small size
filters (3–4 mm), such as Spider (Medtronic, Minneapolis, MN) filters, with directional atherectomy as the
vessel size allows. Filters should be appropriately sized
to 1.5–2.0 times the distal vessel diameter. To prevent
material within the filter embolizing during retrieval,
we recommend partial capture to avoid “cheese grating”
of the material through the pores. Spasm around the
filter site can be relieved with intra-arterial nitroglycerin.
Embolization protection devices can add a significant
cost (from $500–$1000) to the case. Furthermore, there
is a lack of randomized data regarding their efficacy.
Ultimately, the use of embolization protection devices
should be made on a case-by-case basis, taking into
account clinical presentation, lesion, and distal vessel
characteristics.
Perforation is a serious complication that must be
recognized and treated immediately. Distal pedal perforations are straightforward to manage with manual
compression (Figure 16.13). Proximal tibial perforations

have an increased risk of compartment syndrome as
the anterior compartment is less forgiving. Perforation
of the peroneal artery must be managed quickly due to
the depth of the vessel. Tactics to manage extravasation
once perforation occurs include inflating the external
blood pressure cuff to two-thirds of the systemic pressure
around the calf for five-minute intervals. An intravascular
balloon can also be inflated to low atmospheric pressure
for three- to five-minute intervals to prevent continued
inflow. Finally, when dealing with large perforations,
protamine should be given to reverse anticoagulation and
more aggressive endovascular therapies, such as covered
stents and branch or even main vessel coiling, should be
considered. A surgeon should be involved for continued
bleeding as concern for compartment syndrome is high
in refractory cases.

Conclusions
The expanded availability of endovascular tools coupled
with innovative techniques has opened the door for more
complex tibial and distal pedal interventions. The clinical efficacy of an endovascular approach appears to be
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favorable in the context of wound healing in CLI patients.
The ideal tools, approaches, and lesion subsets remain a
moving target. Considerations of cost, outcomes relative
to surgical bypass, and long-term patency are active areas
of continued investigation.
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Introduction
Background
Acute limb ischemia (ALI) is a limb- and life-threatening
condition that necessitates prompt recognition and treatment. ALI is defined as an abrupt compromise of blood
flow to an upper or lower extremity that places that limb at
risk for amputation, with the onset of symptoms to clinical
presentation occurring within two weeks [1]. The diagnosis of ALI requires a comprehensive history and physical exam, which is subsequently guided by non-invasive
or invasive imaging. Although identifying the underlying
etiology of an ALI event is critical to effective and durable
therapy, care should be taken not to delay definitive and
restorative therapy in order to minimize the risk for limb
loss and mortality [2].
Until recently, treatment options for ALI consisted
of systemic anticoagulation, surgical thromboembolectomy, open bypass, or amputation. The development
and refinement of catheter-based technologies and
minimally invasive techniques in recent decades has
broadened the armamentarium with which to combat this life-threatening illness [3, 4]. In contemporary
practice, many clinicians utilize a hybrid strategy that
employs both surgical and catheter-based therapies (e.g.
embolectomy plus intra-arterial thrombolysis) [5, 6].
Regardless, engaging a multidisciplinary team at the
time of diagnosis may optimize the access to optimally
tailored care for each patient. Ideally, this team-based
method should encompass input from specialists in
vascular medicine and surgery, interventional cardiology
or radiology, and imaging.
In this chapter, we will review the epidemiology,
etiology, clinical presentation, and treatment of ALI.

Diagnostic and therapeutic treatment strategies will be
presented in the context of the best available evidence in
the field.
Epidemiology
Given the overlap in the continuum between acute
and chronic limb ischemia, the estimated incidence of
ALI in the literature has varied, and the modern-day
epidemiology of this disease has not been well-defined
[7]. In a recent population-based study derived from
the United States Medicare database (1998–2009), there
was a decrease in the number of hospitalizations for
ALI from 45.7 per 100 000 in 1998 to 26.0 per 100 000
in 2009. Both 30-day and one-year amputation rates
also improved from 1998 to 2009 (30-day: 10.4–8.1%,
p for trend <0.001; one-year: 14.8–11.0%, p for trend
<0.001). While in-hospital mortality decreased during
the study period (12.1% in 1998 to 9.0% in 2009, p for
trend <0.001), 30-day and one-year mortality rates for
ALI were not significantly changed over time. In 2008,
the 30-day mortality rate was 19.2% and the one-year
mortality rate was 42.0%, demonstrating the exceptionally poor prognosis in this high-risk patient population
despite improvements in contemporary therapy [8].
Recently, von Allmen et al. published an epidemiologic
study evaluating the hospital trends for ALI in England
from 2000 to 2011. As opposed to the Medicare study
above, ALI admissions in England increased from 60.3
per 100 000 in 1999 up to 94.3 per 100 000 in 2011 for
patients above the age of 60. The authors identified a
6.2% annual increase in admissions beginning around
2003. When stratified according to age 60–74 and ≥75
years, the annual rise in hospital admissions for ALI
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was magnified in the older cohort. Furthermore, the
investigators found that annual death rates attributable
to ALI were relatively low (95–150 deaths per year) in
this English population [9]. These findings suggest that
the mortality associated with ALI, as described in other
large population-based studies, may correspond to the
comorbid conditions that the subjects possess, such as
diabetes mellitus, hypertension, coronary atherosclerosis,
and obesity [10].
Etiology
The primary causes for ALI may be categorized into two
major groups: embolic and thrombotic (Figure 17.1).

Common mechanisms which result in embolic ALI
include the dislodgement and systemic embolization of
organized clot from the left atrial appendage in the setting
of atrial fibrillation, embolization of thrombus formed
within a left ventricular aneurysm as a late complication
of an anterior myocardial infarction, or distal embolization from a popliteal aneurysm [2, 11]. The formation
and fragmentation of thrombus from a mechanical heart
valve in the absence of adequate systemic anticoagulation may represent an additional, insidious source of
distal embolism. The development of in situ thrombosis
may occur in the context of unstable atherosclerotic
plaque rupture in the peripheral vasculature, which may

Atherosclerotic plaque
rupture

Hypercoagulable state

Thrombotic

Arterial dissection or injury
-spontaneous
-traumatic
Low flow state
-shock
-congestive heart failure
Iatrogenic
-high dose inotrope
-post-catheter or surgical intervention

Acute Limb
Ischemia

Atrial fibrillation

Valvular
-mechanical/bioprosthetic valve
-infective endocarditis

Embolic

Left ventricular thrombus

Vascular aneurysm
-thoracoabdominal, iliofemoral, popliteal
Paradoxical embolus
-venous thromboembolism in the presence of a right-to-left
shunt
Figure 17.1 Etiologies of acute limb ischemia.
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often acutely compound the impact of chronic lower
extremity hypoperfusion, since pre-existing peripheral
arterial disease (PAD) often serves as the substrate for
supraimposed ALI. Hereditary or acquired hypercoagulable disease states, such as protein C or S deficiency or
the antiphospholipid antibody syndrome, may also predispose individuals to the development of spontaneous
thrombosis and subsequent manifestations of ALI [2].
In addition to the embolic or thrombotic mechanisms
for ALI, a variety of other clinical scenarios may also
result in acute peripheral arterial occlusion. Blunt traumatic injury may cause dissection of the aorta or iliac
system, resulting in downstream vascular compromise
of the legs [12, 13]. Various shock states may precipitate
distal extremity and end-organ hypoperfusion; the associated administration of vasopressor therapy may further
provoke digital necrosis. In these particular situations,
ALI represents the secondary result of an upstream
process, where the treatment of the underlying condition
and “proximate cause” may provide the best opportunity to salvage the jeopardized limb. The complexity
of assessment and care highlighted by these examples
illustrates the depth of clinical acumen required in the
initial assessment of the patient with ALI.

Clinical Presentation and
Evaluation
History and Physical Exam
The effective management of a threatened limb is predicated on the execution of a comprehensive history and
physical exam. First, meticulous attention must be paid
to the onset and duration of symptoms, as the historical timeline of the presenting illness may dictate the
level of urgency for percutaneous, surgical, or hybrid
revascularization [1, 2]. In addition, understanding the
nature of a patient’s symptoms may provide vital clues to
delineating the underlying etiology driving distal limb
ischemia. Acute arterial occlusion in an extremity without pre-existing PAD results in abrupt ischemic pain and
referable findings on physical exam. In contrast, patients
with chronic limb ischemia often have intermittent claudication in the setting of a well-collateralized peripheral
vasculature. As a result, the acute-on-chronic clinical
presentation may or may not manifest the same degree of
intensity as that found in the acutely ischemic extremity
naïve of pre-existing arterial atherosclerosis [2].
The well-established 6 Ps taught in medical training – pain, pallor, pulselessness, paresthesia, paralysis,
and poikilothermia – are cumulatively pathognomonic
for ALI (Figure 17.2) [1]. In reality, however, patients
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Figure 17.2 The 6 Ps of the physical exam pathognomonic for acute

limb ischemia.

with ALI often present with only one or a few of these
symptoms, typically beginning as rest pain in the affected
extremity. As a result, one should maintain a high index
of suspicion for acute ischemia, even in the absence of
many of the hallmark findings, in order to minimize the
delay to delivery of definitive therapy. The presence of
all 6 Ps of ALI may represent an ominous circumstance,
indicating that the limb has progressed beyond the point
of salvage. Nonetheless, the familiarity with and astute
recognition of these cardinal signs of ALI may expedite
the initiation of limb- and life-saving measures, such as
therapeutic anticoagulation, consultation with a vascular
disease specialist, and – when necessary – transfer to
a facility capable of performing definitive limb-salvage
therapy.
The examination of an extremity with suspected
ischemia should be focused on the premise that failure
to perfuse the skin, soft tissues, musculature, and nerve
fibers distal to the point of arterial occlusion results
in corresponding motor and sensory disturbances, as
well as alterations in the overlying skin tone, color, and
texture. Careful inspection of the limb should confirm
the clinician’s visual assessment, as a cool, mottled foot
with absent pulses, reduced sensory perception, and
focal paralysis should ignite immediate apprehension
regarding tissue viability. Furthermore, an interrogation
of Doppler arterial and venous signals in the affected
extremity may confirm the lack of blood perfusion

210

Endovascular Interventions

and should facilitate appropriate risk stratification (i.e.
Rutherford system of classification) [14, 15]. Finally,
these findings should be correlated with any abnormalities noted on concurrent valuation of the cardiac,
pulmonary, or other physiologic systems. For example,
the presence of atrial fibrillation, a systolic murmur,
Janeway lesions, or mechanical heart sounds may provide
hints to the underlying disease pathology.
Classiﬁcation of Acute Limb Ischemia
The Rutherford classification schema for ALI offers a systematic, clinically based algorithm to delineate the next
appropriate diagnostic test or treatment (Figure 17.3).
This strategy was first espoused by Rutherford et al.
in 1997, and later supported in the Trans-Atlantic
Inter-Society Consensus guidelines in 2007 [16, 17]. From
bedside exam findings and Doppler evaluation alone,
the Rutherford classification categorizes the ischemic
limb as follows: class I (viable), class IIa (marginally
threatened), class IIb (immediately threatened), or class
III (irreversible).
The categorization of ALI into these general groups –
viable, threatened, and irreversible – represents a

spectrum of disease severity. At one end, a patient
with a “viable” limb has no continuous ischemic pain,
no motor or sensory deficits, adequate skin perfusion,
and preserved Doppler signals. In dramatic contrast, an
individual with an “irreversible” limb has severe motor
and sensory defects along with inaudible Doppler signals,
suggesting that permanent tissue loss and nerve damage
may be inevitable or has already transpired. The distinction between category IIa (marginally threatened) and IIb
(immediately threatened) limbs may be quite challenging, but has implications regarding the timing and mode
of therapy. In both categories, Doppler signals are often
inaudible; however, the degree of symptomatology usually differentiates one from the other. In the “marginally
threatened” extremity, deficits of sensory perception are
minimal or transient, but motor function is intact. In the
“immediately threatened” extremity, however, there may
be motor paresis in addition to sensory loss, as well as
continuous rest pain indicative of profound ischemia.
Once the appropriate triage characterization of ALI
has been established, the clinician must then decide
whether further imaging is required, or if the patient
should proceed directly to revascularization. In patients
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(Viable)

Category II
(a – Marginally threatened;
b – Immediately threatened)

Category III
(Irreversible)
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or severe sensory
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prolonged delay
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Therapy

Medical
management;
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revascularization*

Revascularization*
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Figure 17.3 Rutherford classification and management of acute limb ischemia. *Endovascular, open surgical, or hybrid approach to
revascularization selected by multidisciplinary team and guided by clinical scenario, Rutherford category, and non-invasive imaging
(as appropriate) [16].

CHAPTER 17 Acute Limb Ischemia

presenting with category I or IIa ALI, the relatively
subacute nature of the disease may afford more detailed
investigation through non-invasive or invasive evaluations. In such circumstances, it may be reasonable
to obtain additional diagnostic testing such as duplex
ultrasonography or computed tomographic angiography
to identify the vascular anatomic determinants of the
disease. That noted, category IIa ischemia indicates that a
limb may be salvageable with prompt revascularization,
thus the evaluation should be conducted in an expedient
manner. If an acute lesion is identified via non-invasive
imaging or angiography, treatment should be instituted
as rapidly as possible thereafter. In the case of category IIb
ischemia, any time delay should be avoided at all costs;
these patients should be referred for immediate revascularization. Although a small proportion of category III
limbs may be successfully treated if the presentation is
early, these limbs are usually beyond the point of rescue,
in which case imaging and reperfusion strategies are
not indicated. Unfortunately, amputation is ordinarily
required for limbs in this “irreversible” class.
Laboratory and Imaging Workup
The index evaluation for a patient with suspected ALI
should consist of a complete blood count with differential,
full chemistry panel, cardiac biomarker profile, creatine
kinase level, urinalysis, and electrocardiogram. The presence or absence of renal dysfunction or anemia may
inform decisions regarding optimal diagnostic testing, if
indicated. For example, computed tomographic angiography requires intravenous contrast, which may exacerbate
underlying renal insufficiency; catheter-directed thrombolysis (CDT) may be less desirable in a patient with
underlying anemia or risk of bleeding, since systemic
effects of thrombolytic agents may worsen these issues.
Significantly elevated creatine kinase levels, myoglobinuria, and elevation of serum lactate dehydrogenase
support a diagnosis of rhabdomyolysis and may influence a surgeon’s judgment regarding the prospect of
compartment syndrome and the indication to perform a
fasciotomy.
Multiple imaging modalities are available to confirm
the diagnosis of ALI in appropriately selected patients
with limbs that are not imminently at risk (i.e. viable or
marginally threatened) [14]. Duplex ultrasonography is
a commonly performed, inexpensive test that may be
quickly performed at the bedside by a skilled technologist.
A baseline ultrasound assessment should be considered,
at minimum, in viable (category I) limbs and should
also be considered in threatened (category IIa) limbs if
time permits [1]. Computed tomography angiography
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(CTA) is a non-invasive test that is rapidly obtained
in the radiology suite and, more importantly, provides
invaluable anatomic detail with regards to the location
of a culprit lesion, extent of PAD, and characteristics of
surrounding extravascular tissue structures. In one systematic review evaluating the diagnostic accuracy of CTA
in the detection of PAD, the sensitivity and specificity for
identifying greater than 50% stenosis or occlusion were
95% and 96%, respectively [18].
The use of CTA does incur some degree of risk, exposing the patient to both radiation and iodinated contrast.
Magnetic resonance angiography (MRA) using gadolinium enhancement is yet another option to consider for
those with compelling contraindications to CTA but who
require more definitive imaging than ultrasound interrogation. In practice, though, MRA may not be logistically
feasible in the diagnostic evaluation of the patient with
ALI, since the time required to perform MRA studies, and
the availability in an acute setting of this imaging modality, may be limiting. The off-hours access to MRA, the
potential risk of gadolinium-associated nephrogenic systemic fibrosis in the setting of impaired kidney function,
and patient discomfort (i.e. claustrophobia) are other limitations to this modality that should be carefully considered [14, 19].
Traditionally, the gold standard for the diagnosis of ALI
has been invasive angiography by direct arterial access
(customarily, femoral antegrade or contralateral retrograde puncture), transcatheter contrast injections, and
digital subtraction image acquisition. A major advantage
to the use of angiography for definitive diagnosis of ALI
lies in the ability to proceed directly to catheter-based or
hybrid surgical revascularization immediately following
diagnostic angiography, if technically feasible. Invasive
angiography confers the associated periprocedural risks
of sedation, bleeding, myocardial infarction, or other
adverse vascular and cerebrovascular events.
Prognostication
Associating prognosis with any particular presentation
with ALI represents a unique challenge due to the heterogeneity of disease and patient substrate. In a two-year
prospective study of 39 patients hospitalized in a vascular
care unit with ALI, the presence of a positive serum
cardiac troponin T (cTnT) on admission was associated
with increased 28-day mortality [20]. In a larger retrospective study (n = 254) published in 2012, Linnemann
and colleagues showed that an elevated cTnT level >0.01
was present on admission in 28.0% of their patient cohort
with ALI. Compared to patients with normal cTnT levels,
those with elevated cTnT ≥0.01 had higher cumulative
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rates of inpatient mortality or amputation (16.9% vs.
6.0%; p = 0.01). When further stratified by the extent of
troponin elevation, a higher degree of biomarker abnormality was associated with worse outcome (21.5% vs.
6.9%; p = 0.009 for cTnT ≥0.03 vs. <0.03, respectively).
Also, patients with higher cTnT levels more frequently
possessed diabetes mellitus, coronary artery disease, atrial
fibrillation, impaired kidney function, and a history of
cerebral infarction. Following multivariable adjustment,
the risk of amputation or death remained statistically
significant for abnormal cTnT levels (cTnT >0.01: HR 3.4,
95% CI 1.3–8.5, p = 0.01; cTnT ≥0.03: HR 4.5, 95% CI
1.7–11.9, p = 0.033) [21]. To date, we await the design and
implementation of a validated clinical instrument that is
able to prognosticate short- and long-term outcomes for
ALI patients with high fidelity.

Management Strategy
Role of Anticoagulation
The initial treatment of a patient with a cold limb and
high suspicion for ALI should include the institution of
intravenous unfractionated heparin [17]. Systemic anticoagulation may help prevent further thrombus formation in the threatened extremity; unfractionated heparin
represents a readily reversible agent in the event of major
bleeding. In its published practice guidelines, the American College of Chest Physicians conferred a Grade 2C
classification to its recommendation for systemic heparin
in ALI [22]. The writing committee for these guidelines
has acknowledged the lack of robust clinical trial data
showing improved outcomes with anticoagulation despite
its widespread acceptance and use in practice. Most
recently, in its 2016 lower extremity PAD guideline publication, the American College of Cardiology/American
Heart Association (ACC/AHA) conferred a class IC-CEO
(consensus expert opinion) recommendation for systemic
anticoagulation with heparin for ALI [23].
The administration of aspirin, while generally recommended for primary or secondary prevention purposes,
can be considered in most patients presenting with ALI,
assuming no drug allergy or concurrent bleeding diathesis. There are no formal recommendations that advocate
the use of other antiplatelet agents such as P2Y12 antagonists or glycoprotein IIb/IIIa inhibitors, given the lack
of an evidence base for these agents in ALI despite their
proven efficacy in acute coronary syndromes. Likewise,
the role of novel anticoagulants – such as rivaroxaban,
apixaban, and dabigatran – has yet to be defined in
ALI and therefore these agents are not recommended
unless indicated for a coinciding disease entity, such

as atrial fibrillation. Vorapaxar, a protease-activated
receptor 1 antagonist, was recently found to reduce major
adverse limb events in a contemporary population with
symptomatic PAD [24]. This agent has not been specifically studied for the treatment of acute or critical limb
ischemia, however.
Open Surgical Revascularization
Historically, operative intervention including thromboembolectomy, patch angioplasty, and surgical bypass has
served as the conventional mode of therapy for limb
salvage in ALI. In patients with non-viable limbs with
irreversible damage, amputation plays a central role in
both removing and preventing expansion of limb gangrene that may otherwise lead to tissue necrosis, sepsis,
and death. In 1961, Dr. Thomas Fogarty introduced the
balloon embolectomy device, now commonly referred
to as the “Fogarty catheter,” designed to retrieve and
extract fresh thrombus lodged in a distal arterial bed
via a surgical arteriotomy [25]. This instrument consists
of an inflatable balloon mounted to the terminal end
of a flexible, holotubular structure, presently available
in various designs, diameters, and lengths. The Fogarty catheter is inserted directly into the blood vessel
following surgical exposure. Once the device traverses
the diseased territory, the distal balloon is inflated until
uniform apposition to the vessel wall is achieved. The
system is then retracted toward the arteriotomy, thereby
retrieving trapped thrombus proximal to the balloon and
allowing for recanalization of the occluded segment.
The studies supporting surgical revascularization in
ALI from the 1980s and 1990s reveal that perioperative
mortality and amputation rates can be quite high (up
to 22% and 16%, respectively, at 30 days). Contemporary data continue to indicate that surgical outcomes
for ALI remain challenging. In a single-center study
examining surgical outcomes for ALI between 2002 and
2012 (n = 170), Kempe and colleagues reported a 90-day
amputation rate of 16%, 30-day or in-hospital mortality
rate of 18%, and estimated overall five-year survival rate
of 41%. Fifty-two percent of their cohort were Rutherford
class IIb, 29% were class IIa, and 18% were class III.
Common femoral artery and popliteal fossa exposure
for embolectomy occurred in 86% and 9% of patients,
respectively. Adjunctive intraoperative thrombolysis was
employed in 16%, fasciotomies in 39%, and bypass in 8%
of patients. Common complications included unplanned
return to the operating room (24%, often for hematoma
evacuation), wound issues (21%), and infection (18%).
The median hospital length of stay was eight days (IQR
4–16), and 36% of patients were discharged to a skilled
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nursing facility. In this population, five-year estimated
freedom from amputation and survival rates were 80%
and 41%, respectively [26].
Furthermore, in a multi-center retrospective analysis (2003–2011), patients undergoing lower extremity
bypass for ALI experienced high rates of in-hospital
major adverse event (19.8%), one-year major amputation (22.4%), and one-year mortality (20.9%) rates
[27]. These findings exemplify the extraordinarily high
post-surgical morbidity and mortality associated with
ALI, and also emphasize the unmet need to improve
therapy (Figure 17.4).
Endovascular Intervention
Innovations in catheter-based technologies have provided
a breadth of endovascular strategies and opportunities
for the treatment of ALI. Of these, CDT has emerged
as an effective alternative to traditional open thromboembolectomy [1, 4, 28]. An introducer sheath is first
placed into a peripheral artery using the Seldinger
technique under fluoroscopic or ultrasound guidance.
Then, diagnostic angiography is performed to survey
the jeopardized vascular distribution. Based on the
anatomic features of the lesion and vessel, the operator
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may select from several therapeutic minimally invasive
techniques, including catheter-based infusion of a thrombolytic agent, mechanical or aspiration thrombectomy,
wire-based transluminal angioplasty with or without
stent insertion, hybrid revascularization, or conversion
to an exclusively surgical embolectomy or bypass.
Dr. Charles Dotter pioneered the discovery of CDT
in 1974 while experimenting with the direct injection
of streptokinase into occlusive thrombus. Since then,
the field has continued to evolve, and commercially
available plasminogen activator thrombolytic agents
now include alteplase, reteplase, and tenecteplase.
Several types of infusion catheters have undergone
iterative adaptations over time to enhance drug delivery. The Cragg-McNamara® Valved Infusion Catheter
(Medtronic, Minneapolis, MN) is one popular example
of a single lumen catheter designed with multiple side
holes along its length and a microvalve at its distal tip.
The catheter possesses a large inner diameter and, under
fluoroscopic guidance, may be advanced over a guide wire
through an introducer sheath into the desired vascular
distribution. The terminal microvalve permits endhole
occlusion of the catheter when the guide wire is removed,
and may enhance the homogeneity of thrombolytic

Rutherford
adaptation of
classification
schemes for acute
and chronic limb
ischemia, 1986
(Revised in 1997)

Transatlantic InterSociety Consensus
(TASC) statement
on the
management of
peripheral arterial
disease, 2000
(TASC II published
2007)

Figure 17.4 Selected key developments informing the contemporary management of acute limb ischemia.

ACC/AHA practice
guidelines for the
management of
peripheral arterial
disease, 2005
(Revised in 2016)
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RAO 30 CRAN 0

Figure 17.5 Digital subtraction angiography in a patient with
acute limb ischemia due to thrombosis (blue arrow) of a right
femoropopliteal saphenous vein bypass graft. Source: Image courtesy
of Drs. Robert Schainfeld and Michael Young (with permission).

infusion via the catheter side holes into the target lesion.
In conjunction with the plasminogen activator, continuous unfractionated heparin is administered through a
sideport of the device to a target partial thromboplastin
time (PTT) 1.5–2.0 times control. Figures 17.5 and 17.6
depict a case of ALI in a patient with a thrombosed lower
extremity bypass graft that was successfully treated with
CDT using a Cragg-McNamara catheter.
With respect to the thrombolytic infusion, several
drug-delivery protocols have been circulated in practice, each with technical advantages and disadvantages.
Examples include continuous infusion, graded infusion,
stepwise infusion, or pulse spray. Contraindications to
the use of CDT in ALI mirror the contraindications
posed in other clinical scenarios where systemic thrombolysis is now commonly considered, such as in the
setting of acute embolic stroke, massive pulmonary
embolus, or ST-segment elevation myocardial infarction. Contraindications for the use of thrombolytic
therapy in all of these situations include recent neurosurgery, life-threatening bleeding diathesis, and ongoing
cardiopulmonary resuscitation.
Engineering efforts have also yielded alternative
means to facilitate the dissolution of thrombus. For
example, ultrasound-accelerated thrombolysis has gained
widespread use for the treatment of post-thrombotic
syndrome and submassive pulmonary embolism, but

may also offer promise in the treatment of ALI. The
EkoSonic® Endovascular System (EKOS Corporation,
Bothell, WA) comprises an infusion console and small
bore (5.4 Fr) catheter with multiple sideholes. Once the
catheter is situated at the target site, an inner ultrasound
wire is placed in the central lumen of the catheter. This
wire consists of numerous transducer beads embedded
in 1-cm intervals along its length. The transducers emit
high-frequency ultrasonic waves that may mechanically
disrupt the thrombus, increasing its porosity, and potentially enhancing exposure of plasminogen receptor sites
to potentiate the impact of the concurrently infused
thrombolytic therapy. Supporters of this technology
endorse the theoretical strengths, in terms of reduced
dose and duration of drug therapy required, accelerated
onset of action, potential reduction of distal embolization, and associated reduction of bleeding risk compared
with conventional CDT technologies.
Another strategy for the endovascular management
of vascular thrombosis is termed “pharmacomechanical” thrombolysis. One technology which engages this
strategy is the Trellis™ catheter (Medtronic, Minneapolis,
MN), which has been promoted as an endovascular rescue option for cases of arterial or venous thrombosis. This
hybrid, over-the-wire catheter acts to isolate a thrombotic lesion between two inflated balloons mounted
on a 6 Fr catheter. Following guide wire removal and
simultaneous balloon inflations, a sinusoidal nitinol wire
is inserted through the portion of catheter spanning the
clot, isolated between the proximal and distal balloons.
A battery-powered drive unit causes the wire to oscillate at high speeds (up to 3000 rounds per minute) to
disrupt the confined thrombus that is concomitantly
exposed to an infused thrombolytic agent. Dissolved
particulate matter is then aspirated externally through a
specialized port as the proximal balloon is deflated; the
distal balloon remains inflated to protect the downstream
vasculature from distal embolization until aspiration and
thrombectomy are complete.
The Angiojet® device (Boston Scientific, Marlborough,
MA) consists of a catheter-based system that permits
rheolytic aspiration thrombectomy. The distal portion of
the catheter employs pressurized saline jets that generate
a Venturi-like effect in the blood vessel, disrupting and
fragmenting the clot while the catheter is advanced and
retrieved through the affected vascular territory, while
drawing the clot into a retrieval lumen in the distal
portion of the catheter. The Penumbra Indigo® System
(Penumbra Inc, Alameda, CA) consists of three components: a large bore aspiration catheter, a separator, and a
vacuum pump. The principal function of this apparatus
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Figure 17.6 (a) Catheter-directed thrombolysis is performed in a thrombosed lower extremity saphenous vein bypass graft using a
Cragg-McNamara 50 cm infusion catheter. This catheter permits local delivery of medication throughout the mid-to-distal vein graft (blue
bracket). (b) Post-lysis angiogram demonstrates restoration of antegrade flow. Source: Image courtesy of Drs. Robert Schainfeld and Michael
Young (with permission).

is mechanical extraction, hence it may serve a role in
ALI patients who are not candidates for either surgery or
CDT. The myriad of endovascular technologies described
above illustrate the concerted efforts by the vascular
community and industry to devise novel methods to
address the complex clinical and technical requirements
for treating ALI (Figure 17.7).
Compared to open surgery, endovascular revascularization approaches may confer the following advantages:
reduced need for general anesthesia, less frequent wound
complications, more favorable bleeding risk profile,
and faster recovery times. In the ACC/AHA 2016
Lower Extremity PAD guideline statement, the writing
committee assigned a class IA recommendation for
catheter-based thrombolysis as an effective means for
revascularization in patients with ALI and a salvageable
extremity. Percutaneous mechanical thrombectomy – as
an adjunctive therapy to thrombolysis – received a class
IIa recommendation for patients with ALI. Irrespective of
the reperfusion modality selected, the writing committee
emphasized the importance of timely revascularization
for marginally or immediately threatened limbs (within
six hours) as well as viable limbs (within 6–24 hours).
Revascularization may be catheter or surgically based,

and the mode of therapy should be dictated by the
availability of local resources, clinical expertise, and
patient-specific factors (class I C-LD, limited data) [23].
Comparison of Surgical Versus Endovascular
Revascularization
The decision regarding when to pursue percutaneous
versus operative intervention for ALI remains a controversial area in the field. The commonly referenced
landmark trials comparing the effectiveness of surgery
with CDT are the Rochester, Surgery versus Thrombolysis for Ischemia of the Lower Extremity (STILE), and
Thrombolysis or Peripheral Arterial Surgery (TOPAS)
clinical trials [29–32]. These studies were conducted in
the 1990s and collectively embody the foundation of
what is known regarding percutaneous versus surgical
revascularization for ALI. The Rochester Study was a
relatively small trial of approximately 114 patients with
ALI duration less than seven days who were randomized
to receive thrombolysis with urokinase or to undergo
surgical revascularization. In this study, the cumulative risk of amputation at one year was approximately
18% in both groups. Amputation-free survival, though,
favored thrombolytic therapy over surgery (75% vs. 52%,
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*CDT = catheter-directed thrombolysis
Figure 17.7 Endovascular technologies for the treatment of acute limb ischemia.

respectively). In contrast, STILE and TOPAS were much
larger studies, and bore divergent results that have been
heavily scrutinized over time.
The STILE trial consisted of 393 patients aged 18–90
years with signs or symptoms of worsening limb ischemia
within six months, where subjects were randomized to
undergo optimal surgery or CDT using either recombinant tissue plasminogen activator or urokinase. The
primary endpoint in this trial was the composite of death,
ongoing/recurrent ischemia, major amputation, or major
morbidity (e.g. life-threatening hemorrhage, perioperative/anesthetic complications, renal failure requiring
dialysis) within 30 days of treatment. The trial was halted
prematurely due to a significantly lower rate in the
one-month primary outcome for surgery versus thrombolysis (36.1% vs. 61.7%, p < 0.001; intention-to-treat
analysis). This was driven largely by a difference in ongoing/recurrent ischemia between groups (25.7% vs. 54.0%,
p < 0.001 for surgery vs. thrombolysis, respectively).
The surgical cohort also exhibited lower frequencies of
life-threatening hemorrhage (0.7% vs. 5.6%; p = 0.014)
and vascular complications (3.5% vs. 9.7%; p = 0.024)
than the thrombolysis cohort. When the outcomes were
stratified according to duration of ischemia, there was
no difference in the primary outcome between groups
if the duration of ischemia was less than 14 days. In
fact, six-month amputation-free survival was lower in
the CDT group compared to surgery in this particular
stratum (<14 days ischemia) [29].

Ouriel and colleagues published findings from the
TOPAS trial in the New England Journal of Medicine in
1998. This multi-center clinical trial enrolled patients
at 113 North American and European centers and randomized subjects to receive surgery (n = 272) or CDT
(n = 272) using intra-arterial recombinant urokinase.
Eligible patients above the age of 17 had to have an acute
thrombotic or embolic occlusion of a native artery or
bypass graft within 14 days prior to randomization. The
primary outcome measure was amputation-free survival
at six months. In the urokinase group compared to
surgery, there was no significant difference in this primary endpoint (71.8% vs. 74.8%, p = 0.43 for urokinase
vs. surgery, respectively). At one year, amputation-free
survival remained equivocal between groups (65.0% vs.
69.9%, p = 0.23 for urokinase vs. surgery, respectively).
Moreover, there were no statistically significant differences in in-hospital (8.8% vs. 5.9%; p = 0.19), six-month
(16.0% vs. 12.3%; p = 0.22), or one-year (20.0% vs. 17.0%;
p = 0.39) mortality rates (all urokinase vs. surgery). At
six months and one year, the cohort of subjects who
received thrombolytic therapy required fewer open surgical procedures than those initially randomized to surgical
treatment. Major hemorrhage occurred more frequently
in the group receiving thrombolytic therapy, however
(12.5% vs. 5.5%; p = 0.005), including four episodes of
intracranial hemorrhage [32].
Inconsistency in the outcomes among these studies
has been attributed to variations in baseline patient
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characteristics, duration of ischemia, and thrombolytic
protocols. A major critique of the STILE trial lies in its
inclusion of patients with limb ischemia of up to six
months before enrollment. As above, the post hoc analysis
suggested that shorter symptom duration (i.e. <14 days
onset) could be an equalizing factor between treatment
modalities. In a 2013 Cochrane review conducted by
Berridge et al., five randomized trials (n = 1283) were
collectively assessed to determine the preferred initial
treatment strategy – surgery or thrombolysis – for ALI.
No significant differences were observed for limb salvage
or mortality at one year (OR for overall survival 0.87, 95%
CI 0.61–1.25; thrombolysis vs. surgery). Yet, recipients
of thrombolytic therapy suffered significantly higher
rates of stroke (OR 6.41, 95% CI 1.57–26.22), major
hemorrhage (OR 2.80, 95% CI 1.70–4.60), and distal
embolization (OR 8.35, 95% CI 4.47–15.58) at 30 days
compared to their counterparts who underwent surgical
revascularization [33].
More recently, a systematic review conducted by Wang
et al. appraised a large volume of clinical trials and retrospective data from 1990 to 2014. Comparing patients
with ALI who were treated with endovascular therapy
to those treated with surgery, the investigators observed
similar rates of short-term limb salvage, amputation-free
survival, and overall survival. In this 2016 manuscript,
the authors recommend consideration of endovascular revascularization as an initial treatment approach
given their interpreted equivalence of short-term outcomes based on the current body of evidence. They
also emphasize, however, that endovascular and surgical interventions should be considered complementary
rather than competing strategies for ALI. They conclude
with a call for additional, high-quality clinical trial data
for further delineation of the long-term contemporary
outcomes associated with each treatment approach [34].
While these clinical trials and meta-analyses have
helped characterize treatment of ALI with CDT versus
surgery, corresponding data comparing surgery against
other endovascular technologies such as percutaneous
mechanical thrombectomy are lacking. Hybrid revascularization – a concept that combines both surgical and
endovascular techniques to restore limb perfusion – has
recently gained traction in the vascular medicine and
surgery community. The advent of hybrid operating
rooms that equip the conventional surgical suite with
fluoroscopic capabilities and catheter-based devices has
allowed for further collaboration among vascular surgeons and interventionalists. The tactical advantages of
each modality may then be leveraged in the intraoperative setting. Reservations to the universal application
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of this approach to all ALI cases stem from concerns
regarding prolonged procedural time or hospital length
of stay, resource utilization, and cost effectiveness [6].
To date, exploratory studies using hybrid techniques
applied in the ALI setting have yielded acceptable
short-term clinical outcomes. In one study comparing a
hybrid surgical and endovascular approach to thromboembolectomy alone with a Fogarty catheter, there were
no statistical differences with regard to early complications. The estimated primary patency of the culprit
vessel at one-year, two-year, and five-year follow-up
favored the subjects treated in the hybrid therapy group
(HR 3.1, 95% CI 1.78–5.41, p < 0.01). Similarly, hybrid
revascularization performed well in terms of limb salvage
(HR 2.1, 95% CI 1.01–4.34, p = 0.03) and freedom from
re-intervention at both one-year and five-year follow-up
[5]. Future investigations in this innovative treatment
realm will provide more definitive direction in the years
to come.

Conclusion
ALI is a devastating condition that confers risk for amputation, functional debility, and death. While evaluating
the patient with ALI, the astute clinician should consider
both thrombotic and embolic etiologies which could
result in vascular compromise. Extrinsic factors such as
traumatic injury and vasopressor use, and less common
disease states like vasculitis and popliteal aneurysm may
also lead to abrupt and critical hypoperfusion of an
extremity. The completion of a comprehensive history
and physical exam is of paramount importance to enable
swift diagnosis at the point of care. Use of the Rutherford classification system for ALI promotes a stepwise,
algorithmic approach to therapy, with special emphasis
placed on determining tissue viability and avoiding any
time delay in limb reperfusion. A broad array of catheter
and surgically based treatments may be considered for
limb reperfusion in ALI. As we seek to better define the
comparative effectiveness of these various modalities or
combinations thereof, the management strategy should
ultimately rest upon the character and timing of ischemic
symptoms. The choice of therapy should be tailored
to suit the patient’s medical comorbidities, estimated
risk of bleeding and perioperative risks, contraindications to thrombolysis, and individualized candidacy
for percutaneous versus operative intervention. Ultimately, the engagement of a multidisciplinary team-based
approach may enable the delivery of optimal, tailored care
to the complex cohort of patients who present with ALI.
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Review Questions (See end of
Chapter for Answers)
a. Define ALI.
b. What are the classic 6 Ps of the physical exam that
individually or in combination suggest acute limb
compromise?
c. What are the distinct categories that compose the
Rutherford system of staging for ALI?
d. How does this Rutherford system provide guidance for the workup, management, and timing of
therapy for ALI?
e. How does endovascular CDT compare to surgical intervention in the landmark clinical trials (i.e.
STILE, TOPAS) of ALI? What are the major limitations of these studies?
f. Summarize the AHA/ACC 2016 guideline recommendation regarding revascularization for
ALI. What is the class of recommendation given
for catheter-based thrombolysis in a salvageable
extremity with ALI?
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Answers to Review Questions
a. ALI is defined as an abrupt compromise of blood
flow to an upper or lower extremity that places
that limb at risk for amputation, with the onset
of symptoms to clinical presentation occurring
within two weeks.
b. Pain, pallor, pulselessness, paresthesia, paralysis,
and poikilothermia.
c. From bedside exam findings and Doppler
evaluation alone, the Rutherford classification
categorizes the ischemic limb as follows: class
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I (viable), class IIa (marginally threatened),
class IIb (immediately threatened), or class III
(irreversible).
d. In patients presenting with category I or IIa
ALI, the relatively subacute nature of the disease
may afford more detailed investigation through
non-invasive or invasive evaluations. Category
IIa ischemia indicates that a limb may be salvageable with prompt revascularization. In category
IIb ischemia any time delay should be avoided at
all costs. In category III limb ischemia successful
revascularization is possible if the presentation is
early.
e. The STIlE trial showed a significantly lower rate
in the 1-month primary outcome for surgery
versus thrombolysis (36.1% vs. 61.7%, p < 0.001;
intention-to-treat analysis). When the outcomes were stratified according to duration of
ischemia, there was no difference in the primary outcome between groups if the duration of
ischemia was less than 14 days. In fact, 6-month
amputation-free survival was lower in the CDT
group compared to surgery in this particular
stratum (<14 days ischemia). The TOPAS trial
showed was no significant difference in this
primary endpoint, amputation-free survival at 6
months, (71.8% vs. 74.8%, p = 0.43 for urokinase
vs. surgery, respectively). A major critique of
the STILE trial lies in its inclusion of patients
with limb ischemia of up to 6 months before
enrolment.
f. In the ACC/AHA 2016 Lower Extremity PAD
guideline statement, the writing committee assigned a class IA recommendation for
catheter-based thrombolysis as an effective
means for revascularization in patients with
ALI and a salvageable extremity. Percutaneous
mechanical thrombectomy – as an adjunctive
therapy to thrombolysis – received a class IIa
recommendation for patients ALI. Irrespective
of the reperfusion modality selected, the writing
committee emphasized the importance of timely
revascularization for marginally or immediately
threatened limbs (within 6 hours) as well as
viable limbs (within 6–24 hours). Revascularization may be catheter- or surgically-based, and
the mode of therapy should be dictated by the
availability of local resources, clinical expertise,
and patient-specific factors (class I C-LD, limited
data).
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Summary
Critical limb ischemia (CLI) is common and associated
with high rates of limb loss and early mortality. Tibial and pedal vessels are commonly occluded in these
patients. Pedal access and pedal-loop reconstruction
are established techniques and can facilitate successful
CLI intervention even in patients who are not surgical
candidates because of poor outflow. These techniques
can be used when antegrade crossing is unsuccessful or
preplanned a priori. Employing pedal-loop reconstruction has resulted in successful revascularization and limb
salvage in many patients with no alternative therapeutic
options. Careful procedural planning, technical skills,
use of proper tools, and patient selection are important
variables for successful intervention.
Chronic critical limb ischemia (CLI) is the most
advanced clinical manifestation of peripheral artery
disease (PAD). CLI patients present with Fontaine stages
III and IV (Rutherford categories 4, 5, and 6, which
correspond to ischemic rest pain, non-healing wounds,
or tissue loss.) Once CLI is suspected, non-invasive confirmatory testing is warranted. The pedal pressures are
often not reliable due to vascular calcification. Despite
this the absolute systolic pedal and toe pressures serve
as the best objective biomarkers of ischemia and they
correlate with systemic and limb outcomes [1]. The rate
of major limb amputation in CLI patients is 14–45% per
year compared to 1% in claudicants [2–5]. Furthermore,
1–3% of symptomatic PAD patients have evidence of
CLI at the first investigation [6, 7]. The outcomes of CLI
patients are significantly better when diagnosed early and
proper multidisciplinary care is instituted.

Learning Points
• The annual risk of limb loss in CLI patients is
very high (14–45% per year).
• Early referral to specialized care improves outcomes.

Pedal Anatomy and the
Distribution of Occlusive PAD
When we evaluate the below-the-ankle (BTA) arteries
angiographically, we consider two distinct groups: the
pedal inflow vessels and the plantar arch system. The five
pedal inflow vessels include the anterior tibial (ATA),
dorsalis pedis (DP), the retromalleolar posterior tibial
(PDA), the medial plantar (MPA), and the lateral plantar
(LPA) arteries. The pedal loop is a dual arch circuit that
serves as the central arterial line to the foot and plays a
major role in limb salvage and wound healing.
The PDA bifurcates at the ankle level to MPA and
LPA. The larger LPA courses anterolaterally then crosses
the foot from lateral to medial beneath the proximal
metatarsals, forming the deep plantar arch, which is completed by the adjoining of the terminal (plantar) branch of
the DPA between the bases of metatarsal I and II. Therefore, the deep plantar arch connects the dorsal arterial
supply (ATA branches) with the plantar arterial supply
(PTA branches). The deep plantar arch supplies the plantar foot and digits as it gives the plantar metatarsal arteries
and three perforating arteries that connect with the dorsal
metatarsal arteries originating from the arcuate artery.
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The arcuate artery represents another vascular arch
that runs in the dorsal midfoot and originates from the
dorsalis pedis artery. The arcuate artery sweeps across the
foot from medial to lateral and gives off dorsal metatarsal
arteries that run in the 2nd, 3rd, and 4th intermetatarsal
spaces before it connects with the lateral tarsal branch
of the ATA, completing the dorsal arch. Another set of
perforators connects the dorsal metatarsal arteries to the
plantar metatarsal arteries at the bases of the toes.
Diffuse multi-vessel below-the-knee (BTK) and BTA
disease are common in CLI patients. Ferraresi et al.
[8] assessed the distribution of obstructive disease in
1915 patients with PAD and complete angiographic
study of BTA vessels. Among the 1624 patients with
ulceration or gangrene (Rutherford 5–6), 5% exhibited
above-the-groin disease while 55% had femoropopliteal,
93% had BTK and 71% had BTA lesions. Importantly, this
angiographic study showed weak correlation between
above-the-ankle disease and CLI (OR 1.20; p < 0.05)
compared to BTA disease. Plantar arch and small vessel disease had the strongest association with CLI (OR
7.83; p < 0.01) and foot vessel disease (arch excluded)
had moderate association with CLI (OR 1.58; p < 0.05).
Notably, 77% of patients had two- or three-vessel BTK
disease, and 50% had significant disease in two or three
BTA vessels. Therefore, successful revascularization of a
critically ischemic limb must consider treating the foot
vessels.

Learning Points
• The plantar arch is a true anastomotic arch.
• The forefoot and digits have dual supply and the
dorsal and plantar arteries are interconnected
via perforators.
• BTK and BTA occlusive disease is common in
CLI (strongest association with plantar arch and
small vessel disease, OR 7.83; p < 0.01).

Principles of Pedal
Revascularization in CLI
Revascularization of infrapopliteal and pedal disease is
almost exclusively utilized for patients presenting with
CLI. Typically interventions only extend BTK and BTA
if clearly necessary based on wound location, vascular
distribution of occlusive lesions (angiosome-based direct
revascularization), and the technical ability to open the

Table 18.1 Tissue loss location and the corresponding angiosome.
Topography of
foot wounds

First-line
angiosome

Second-line
angiosome

Forefoot
Plantar

PTA ± ATA
PTA

ATA
ATA

Heel
Dorsal

PT ± peroneal
ATA

Peroneal
Peroneal

Source: Modiﬁed from [12].

occluded native vessel without damaging the collateral
network. The angiosome is a three-dimensional vascular
territory supplied by a source artery. The foot can be
divided into five angiosomes: the medial calcaneal, the
medial plantar, and the lateral plantar, which arise from
the posterior tibial artery. The dorsal foot angiosome
arises from the anterior tibial artery, and the peroneal
artery supplies the lateral calcaneal angiosome [9–11].
Direct revascularization refers to revascularization of the
artery that supplies the wound’s territory or angiosome.
In ischemic foot ulcers, approximately 70% of wounds
can be localized to a dominant angiosome (Table 18.1)
[12, 13]. Several studies have demonstrated better outcomes with direct revascularization of the affected
angiosome than with indirect revascularization [14–16].
Indirect revascularization provides far less blood delivery
(<40%) to the wound region as compared with direct
revascularization [17–21]. Failure to treat BTK occlusions
is associated with increased risk of major amputation (HR
5.79; 95% CI 1.89–17.7) and major amputation or death
(HR 2.69; 95% CI 1.09–6.63) [22]. Despite anatomic
variations in infrapopliteal arterial anatomy, it is usually
possible to determine the angiosome(s) resulting in tissue
loss (Table 18.1) [12]. Occasionally, in cases with severe
collateral deprivation, it can be challenging to understand the anatomy of the tibial and pedal arteries and
accurately define the target angiosome. In these cases,
comparing bilateral angiograms can be helpful, as the
contralateral limb arterial supply often mirrors that of
the affected limb.
In certain scenarios, angiosome-directed revascularization strategy may be less important. These include
patients presenting with Rutherford 4 (rest pain CLI
without tissue loss), above-the-ankle disease with ulcers
of small size or superficial, and when the pedal arch is
fully intact. Additionally, in patients with Rutherford
6 and those with deep infection that involves more
than one angiosome, and patients who are scheduled
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for forefoot (transmetatarsal) amputation, we believe
complete revascularization of all vessels strategy is more
effective than the angiosome-guided approach [23]. The
presence of CLI (Rutherford 5 and 6) in diabetic patients
requires additional considerations. In this population,
the native anastomotic arteries (plantar arch) often turn
into functional end arteries as these individuals may not
be able to recruit adequate collaterals. Given that many
of these patients do not have surgical alternatives, pedal
loop revascularization may become a crucial step in their
management.

Learning Points
• BTK and BTA revascularization are typically
necessary for limb salvage in CLI patients.
• Treat tibial vessels first, antegradely when possible, then move to BTA.
• In diabetic patients with advanced disease
(Rutherford 5 and 6), the native anastomotic
arteries (plantar arch) often turn into functional end arteries and therefore must be
revascularized.

Technique of Tibial and Pedal
Revascularization in CLI
We believe preprocedural planning is the key to success.
Review of non-invasive studies (CTA, MRA, duplex ultrasounds) and staging the infrapopliteal intervention so
that primary and alternative access and crossing strategies
can be predefined is crucial to success. Treatment plans
are communicated to the interventional team facilitating
appropriate time allocation and equipment selection.
Ipsilateral antegrade CFA access is the preferred access
strategy when feasible as it provides the best support and
reach for BTK and BTA interventions. When antegrade
CFA puncture is not feasible, the proximal superficial
femoral artery can be utilized as the primary access
without substantial increase in morbidity [24]. Antegrade access allows for better guide wire steerability,
device deliverability, lower radiation dose, and contrast
volume compared to the contralateral (up-and-over)
approach. Utilization of braided sheaths helps to avoid
sheath kinking and the risk of access site hematoma.
The popliteal artery can serve as antegrade access in
highly selected cases. The contralateral approach may be
considered in morbidly obese patients, where achieving
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hemostasis of antegrade puncture may be challenging,
and when iliac, common femoral or proximal superficial femoral artery revascularization is warranted.
Contralateral approach limits wire torque, push, and
reach. Antegrade puncture can be achieved under fluoroscopic (AP projection) or ultrasound guidance to
selectively puncture the contiguous arterial segment
amenable to manual compression (below the inguinal
ligament and over the femoral head). Identification of
dystrophic calcium by fluoroscopy can aid in gaining
access. Once artery access is confirmed by pulsatile
arterial flow an angled guide wire is advanced under
fluoroscopic guidance (ipsilateral 25∘ –30∘ to open the
CFA bifurcation and selectively cannulate the SFA). We
follow with a short small caliber sheath and perform an
exploratory angiogram. If the SFA and popliteal arteries
are patent, the small sheath is exchanged for a 5 or 6
Fr, 45-cm long braided sheath advanced to the distal
popliteal artery to provide better support and imaging.
Selective digital subtracted imaging of the infrapopliteal
vessel via the distally placed sheath or superselective
images of the tibial and pedal arteries are obtained to
guide therapy. These high-definition images delineate
the arterial anatomy, identify anomalous variants and
demonstrate the three-dimensional relationship of the
vessels. These images facilitate BTK and BTA intervention. Vasodilators such as intra-arterial nitroglycerin,
papaverine, or calcium channel blockers mitigate against
spasm, may recruit collateral vessels, and may expedite
washout of contrast [25–27]. A contralateral oblique
view (where the base of the 5th metatarsal bone is seen
projecting outward from the base of the foot) to visualize
the distal PTA-common plantar artery and its bifurcation
to MPA and LPA, as well as the DPA and its connection
to the deep plantar arch, is often helpful. An ipsilateral
cranial view where the image intensifier is parallel to
the dorsum of the foot, the toes are seen pointing as
close to the top of the image as possible, and the 1st
metatarsal space is visualized provides a better understanding of the distal crural artery and the pedal arch
status.
Once anatomy has been defined, guide wire crossing of
stenotic and occlusive tibial lesions is attempted utilizing
highly steerable hydrophilic 0.014-in. or 0.018-in. guide
wires supported by crossing catheters or balloons. Our
preferred approach is to attempt intraluminal crossing to preserve collateral branches. If this cannot be
achieved then subintimal crossing utilizing a loop in
the wire is attempted. Once crossing has been achieved
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a distal angiogram to confirm intraluminal position
is obtained. Occasionally ultra-low profile support
catheters may be required. Support catheters advanced
to near the wire tip improve wire torque and penetrance especially in occluded and calcific arteries. If
direct antegrade wire crossing is unsuccessful then
transcollateral crossing may facilitate crossing. Transcollateral crossing is particularly useful when there is
extensive vascular calcification, infection, or scarring
of the lower extremity. It is also useful when crossing
multiple vessels. Another crossing option is retrograde
true-lumen crossing [26, 27], which may be facilitated
by external duplex guidance or reverse CART-SAFARI
technique subintimal crossing. This is followed by externalization of the wire and antegrade crossing of the
occlusion via the externalized wire is followed by planned
therapy.
In CLI patients with non-healing plantar and heel
ulcerations and plantar arch interruption, and in cases

Figure 18.1 Pedal loop reconstruction: pedal loop wire.

where antegrade and above the ankle transcollateral
crossing of the tibial vessel is unsuccessful, pedal loop
reconstruction as described by Fusaro et al. [28] and colleagues can be utilized to create a conduit to deliver blood
flow to the obstructed pedal vessel. In this technique,
a highly steerable and hydrophilic 0.014-i. wire supported by a microcatheter or a low-profile over-the-wire
balloon carefully traverses from the ATA into the dorsalis pedis, navigated across the plantar arch into the
lateral plantar artery and then steered into the PTA.
Conversely, the pedal loop can be accessed from the
PTA and into the ATA in reverse fashion (Figures 18.1
and 18.2). This is greatly facilitated by an antegrade
femoral approach. In cooperative patients, roadmap
guidance and alternating magnified views of the foot
(AP cranial and lateral) can be very helpful for successful wire crossing [29]. Wire shaping is very important
and often a double-curve shape may be required to
traverse tortuous arches. Low profile and tapered 2.0
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Figure 18.2 Pedal loop reconstruction: pedal loop angiography.

and 3.0 mm balloons with high pushability and trackability are used to perform pedal loop angioplasty
and rebuild the foot circulation while providing an
opportunity for retrograde recanalization of the distal
tibial artery, if needed. Occasionally, non-compliant
coronary balloons (1.5–3.0 mm) may be required for
focal calcific lesions. The use of very long balloons and
performing long inflations (three to five minutes) help
reduce the incidence of flow-limiting dissections even
when high-pressure inflations are utilized [30]. Pedal
loop reconstruction is a highly effective and safe technique for treating patients with CLI due to below the
ankle atherosclerotic disease., particularly in diabetic
patients [31].
Vasodilators are utilized liberally to avoid spasm and
anticoagulation monitored to maintain ACT between
250 and 300 seconds. Selective pedal angiograms and
confirmatory oblique views are done frequently to assess
wire position and advancement. Gradual balloon upsizing, starting with low-pressure and prolonged inflations,
and applying focal force balloons selectively for resistant
lesions can help avoid severe flow-limiting dissections
and establish adequate blood flow.

Learning Points
• Ipsilateral antegrade CFA or proximal SFA
access is preferred.
• Direct (angiosome-based) revascularization is
preferred for wound healing.
• Using proper tools and technique is important
for procedural success.
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Summary
Vascular complications are relatively common after
endovascular procedures such as percutaneous coronary
intervention or peripheral vascular interventions. The
advent of higher complexity procedures, including the
use of temporary ventricular support devices, requires
familiarity of the interventional cardiologist with these
complications and their treatment options.
Many complications can be managed with non-invasive
techniques. However, complications where there is acute
vessel obstruction or persistent bleeding may require
prompt intervention. A wide variety of percutaneous
options for management exist, but treatment strategies
should always be defined in conjunction with the vascular
surgery team to avoid unnecessary heroic percutaneous
attempts in lieu of more feasible surgical options.
In the transfemoral approach, certain techniques during arteriotomy have been proven to improve the rate of
correct sheath placement but have not shown significant
reductions in major complication rates. Vascular closure
devices (VCDs) are generally preferred by patients over
manual compression and they are gaining popularity in
procedures involving large bore vascular access where
their benefit may be exponential compared to manual
compression. VCDs are understudied in these higher risk
procedures.
The transradial approach is associated with the lowest
risk of complications in most series but it is limited by the
smaller size of the vessel that precludes the use of large
bore devices. Radial artery-related complications rarely
require percutaneous or surgical intervention.
The brachial artery approach can be used safely when
other access options are limited. Recent reports indicate
that in the current era, the rate of brachial artery-related

complications is safer than traditionally thought. Percutaneous management options for brachial artery-related
complications are limited.

Introduction
Arterial access site complications are common after
cardiac catheterization and their incidence is related
to procedure complexity and vascular access bore size
[1, 2]. Recent advances in procedural technique and
device design have spurred an increase in higher risk
procedures that often require large bore vascular access.
In this landscape, familiarity with vascular complications
and their management is of increasing importance for
the interventional cardiologist.
This chapter will focus on the diagnosis, prognosis,
and management of femoral, brachial, and radial artery
complications after percutaneous coronary interventions
(PCIs) and other vascular interventions. Most common complications by arterial access site are listed in
Table 19.1.

Common Femoral Artery-Related
Complications
The most common complications related to common
femoral artery (CFA) access include local bleeding,
femoral artery pseudoaneurysm (FAP) formation,
retroperitoneal hematoma (RPH), arteriovenous fistula
(AVF) formation, and lower extremity ischemia due to
arterial thrombosis.
Although successful surgical correction is possible in
nearly all cases of procedure-related femoral artery injury,
surgery has been associated with a 25% post-operative
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Table 19.1 Common vascular complications grouped by type of vascular access.
Femoral artery

Radial artery

Brachial artery

Retroperitoneal hematoma
Femoral artery pseudoaneurysm (FAP)
Arteriovenous ﬁstula (AVF) formation

Radial artery spasm
Radial artery occlusion
Hematoma formation

Arterial thrombosis
Bleeding
Pseudoaneurysm formation

Femoral artery occlusion

Radial artery perforation

Brachial nerve compression

Table 19.2 Common vascular complications related to femoral artery access and suggested percutaneous treatment.

Complication type

Overall incidence
after PCI

Direct non-invasive
interventions

Retroperitoneal hematoma

0.4–0.74%

N/A

Hemostasis by prolonged balloon inﬂation over

Ultrasound-guided

extravasation site
Covered stent placement
Percutaneous thrombin injection

Femoral artery

2–6%

pseudoaneurysm (FAP)

Arteriovenous ﬁstula (AVF)
formation
Femoral artery occlusion

0.4%
<0.5%

Invasive percutaneous
interventions

compression repair

Biodegradable collagen injection
Covered stent placement
Coil embolization

Ultrasound-guided
compression
N/A

Covered stent placement on arterial side
Balloon angioplasty
Catheter-directed thrombolysis
Catheter thrombectomy
Covered stent placement

morbidity and 3.5% post-operative mortality rate in
previous reports. This risk is mostly conveyed by the
highly comorbid status of this patient population [3].
Different medical and percutaneous interventions serve
as alternative treatment strategies. These are described in
detail below. Specific percutaneous intervention options
for selected complications are listed in Table 19.2.
Access Site Bleeding
Access site bleeding requiring blood transfusion is associated with increased 30-day and 1-year mortality rates after
PCI in patients with acute coronary syndrome (ACS) [4].
Several patient- and procedure-related factors are associated with a higher risk of bleeding after PCI (Table 19.3).
Patient-related predictors of vascular complications
after PCI include female gender, age >70 years, small
body surface area (<1.6 m2 ), history of heart failure,
chronic obstructive pulmonary disease (COPD), peripheral vascular disease, triple vessel coronary artery disease
(CAD), existing bleeding disorder, concomitant shock,
and renal failure (Cr > 2 mg dl−1 ) [5, 6].
Procedure-related factors include large arterial sheath
size (7–8 Fr vs. 6 Fr, 23.5% vs. 13.8%; p < 0.01) [2],

Table 19.3 Risk factors for bleeding complications
related to femoral artery access.
Female gender
Age > 70 years
Body surface area < 1.6 m2
Renal failure with a serum Cr > 2 mg dl−1
Prolonged in-dwelling sheath time
Larger sheath diameter
Emergent procedures
Larger heparin dose and prolonged heparin infusion
Use of GP IIb/IIIa inhibitors

prolonged heparin infusion after PCI [7], delayed sheath
removal [8], emergent procedures, and periprocedural
use of GP IIb/IIIa inhibitors [6, 8], especially when
the dose of concomitantly administered heparin is not
reduced [5, 9]. Similar risk factors have been identified for
the development of complications related to peripheral
vascular interventions [10].
Local bleeding may be contained by surrounding tissues resulting in formation of a hematoma. This must be
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suspected in patients with a palpable induration or mass at
the site of access. A hematoma may be difficult to identify
in obese patients, in whom bleeding might occur without
obvious early physical signs.
Management of access site bleeding is dictated by
its severity and hemodynamic consequence. In most
cases, control of the bleeding source can be attained with
local manual or mechanical compression and reversal of
anticoagulation. In the presence of GP IIb/IIIa inhibitor
activity, reversal can be easily achieved with platelet transfusions when abciximab (Reopro, Eli Lilly, Indianapolis,
IN) has been used because this agent binds tightly to
circulating platelets and will not affect the activity of normally functioning transfused platelets. Small molecule
platelet glycoprotein IIb/IIIa inhibitors like eptifibatide
(Integrilin, Cor Therapeutics, South San Francisco, CA)
and tirofiban (Aggrastat, Merck, West Point, PA) may be
harder to reverse since they act as competitive, reversible
receptor inhibitors and leave excess free circulating drug
that may affect newly transfused platelets. Their shorter
half-life, on the other hand, will allow for the antiplatelet
effect to wear off after several hours.
If local compression and anticoagulation reversal fail to
control the bleeding, surgical or percutaneous interventions similar to the ones described below for the treatment
of RPHs or FAPs can be utilized.
Femoral Artery Pseudoaneurysm
FAPs represent one of the most problematic vascular
complications after cardiac catheterization. FAPs form
when a hematoma is in continued communication with
the arterial lumen after disruption of all three layers of
the vessel wall. Like in a hematoma, the resulting hemorrhage is contained by the surrounding tissues, but unlike
in a hematoma, there is continued flow of blood from
the artery into the FAP sac during systole and reversal of
blood flow during diastole.
Clinically detected FAPs have an incidence of ∼2–6%
after percutaneous coronary or peripheral interventions.
Affected patients usually present days after the procedure
with pain over the access site and a pulsatile mass with a
systolic bruit over the area. Asymptomatic FAPs occur frequently and can be detected by ultrasound in up to 7.7%
of patients after PCI [11].
Their formation is associated with higher procedural
complexity, more potent anticoagulation or antiplatelet
therapy use, and a lower puncture that is more likely to
result in cannulation of the superficial femoral artery
branch [12]. FAPs are also more common in women,
patients over the age of 70 years, diabetics, and obese
patients [13].
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Management of an FAP is dependent on its size. Those
measuring <2 cm are considered small and tend to
progress toward spontaneous thrombosis and resolution.
Larger pseudoaneurysms usually require interventions
to prevent expansion or rupture. There are several
non-operative treatments:
• Ultrasound-guided compression repair (UGCR). Visualized compression of the FAP causes blood stasis and
thrombosis of the lesion neck with subsequent obliteration. Success rates vary from 56% to 90% in different
series [14–17]. This procedure can be labor-intensive
and time-consuming. Compression times of up to
300 minutes can be required, although the average
compression time is 30 minutes. Analgesia or sedation
may be required for better patient tolerability. Factors
associated with UGCR failure include obesity, large
pseudoaneurysm size, concomitant anticoagulation,
and groin discomfort that impedes adequate compression [16–18]. Careful patient follow-up is required if
anticoagulants need to be resumed after compression
as there is a high risk of pseudoaneurysm rupture or
recurrence [16].
• Percutaneous thrombin injection. Ultrasound-guided
thrombin injection into the FAP sac will result in
pseudoaneurysm thrombosis and closure with a success rate of 86–97%. The average effective dose of
thrombin is 1000 units suspended in normal saline
to yield a 1000 U ml−1 concentration [19, 20]. Distal
thrombin embolization represents the main risk of this
intervention, but it can be prevented by directing the
needle away from the pseudoaneurysm neck during
injection and by using a small injection volume [19].
Inflation of an angioplasty balloon, delivered via the
contralateral femoral artery over the mouth of the FAP
during the injection, can help prevent distal embolization of thrombin and facilitate thrombosis by causing
blood stasis. This technique, however, is not routinely
used and is reserved for cases in which risk of distal
embolization is thought to be high, such as in large
FAPs with relatively wide necks [21].
Immunologic cross-reactivity has been described
in patients receiving bovine thrombin injections. This
may manifest as hypotension, bradycardia, or development of antibodies against coagulation factors [22].
One report of anaphylaxis after repeated thrombin
injections can be found in the literature [23]. Skin
testing to detect possible allergy should be considered
before repeated bovine thrombin administration.
• Percutaneous injection of biodegradable collagen. Direct
injection of collagen into the FAP is an alternative
approach. This technique involves percutaneous
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delivery of a collagenous paste or a collagen plug into
the FAP sac. Injection of collagen paste is performed
using a 9 Fr needle, while delivery of a collagen plug
requires the insertion of an 11 Fr sheath into the FAP
sac itself. Before injection, the FAP must be localized using invasive angiography via the contralateral
femoral artery. Commonly this is done using a 4 Fr
system.
Collagen will produce thrombosis and obliteration
of the FAP sac with an overall success rate of 98%.
This approach carries a lower risk of migration of the
injected material into the circulation compared to
thrombin, and has no reported allergic reactions [24].
Covered stent placement. Covered stents can be used to
exclude FAPs from the circulation. Waigand et al. [25]
and Thalhammer et al. [26] reported a high success rate
of FAP treatment using covered stents in a series of 32
and 16 patients, respectively.
Care must be taken not to deploy these stents at the site
of CFA bifurcation, since this may result in superficial
or profunda femoral artery branch occlusion. Subacute
stent thrombosis and late stent occlusion may occur in
femoral arteries with poor run-off. In addition, placement of a covered stent in the CFA may preclude future
vascular access at this site.
Coil embolization. Deployment of coils at the FAP
neck results in pseudoaneurysm closure by occluding
blood flow between the pseudoaneurysm and the
artery. Coil size is selected according to the FAP size.
Smaller coils (0.014 in., 3 mm × 40–100 mm) can be
delivered through a 3 Fr Tracker (Target Therapeutics,
Freemont, CA) catheter, while larger coils (0.35 in.,
6 mm × 30 mm) require the use of a 5 Fr coronary
angiography catheter. If coils are placed loosely, blood
flow across the FAP neck may persist [25, 27, 28].
Use of angio-seal closure device. One small case series
described the use of the Angio-Seal (St Jude Medical, St
Paul, MN) closure device for FAP occlusion [29]. This
technique involves delivery of a 0.014-in. Whisper wire
(Abbott, Abbott Park, IL) into the FAP neck via the contralateral femoral artery. Using this wire as a marker,
a micropuncture needle is inserted at a 45∘ angle into
the pseudoaneurysm. After access is attained, the
micropuncture catheter (Merit Medical Systems, South
Jordan, UT) is exchanged over a 0.034-in. Wholey
wire (Covidien, Minneapolis, MN) for a 5 Fr arterial
sheath that is advanced into the ipsilateral external
iliac artery. This sheath is then exchanged for an 8
Fr Angio-Seal that is deployed with the co-polymer
anchor placed against the arterial side of the FAP neck
and the collagen sponge inside the FAP sac.

Retroperitoneal Hematoma
RPHs have an incidence of 0.4–0.74% after PCI. They are
associated with high morbidity and mortality. Besides the
known risk factors for bleeding, a high puncture site of the
CFA or puncture of the posterior vessel wall can increase
the risk of RPH. In most cases, an RPH will present in the
first five hours after a percutaneous intervention [30–32].
Ensuring that the CFA access site overlies the middle
third of the femoral head at the time of arteriotomy can
help avoid a high puncture, facilitate vessel compression
in case of bleeding, and reduce the chance of an RPH.
Early recognition of an RPH requires a high index
of suspicion. It commonly presents without signs of an
external groin hematoma, and the most frequent early
signs include hypotension, diaphoresis, abdominal distension or fullness, and pain [32]. As with non-iatrogenic
RPH, computed tomography or ultrasound imaging
of the abdomen and pelvis can confirm the diagnosis
[33, 34].
The majority of affected patients respond to medical
treatment alone [30–32]. The first step in management is
to reverse all anticoagulation and discontinue the administration of further anticoagulants. Administration of
blood products and volume resuscitation is crucial with
early signs of hypoperfusion or systemic hypotension.
If there is clear hemodynamic embarrassment, the
patient should be taken back to the cardiac catheterization laboratory and the original access site should be
imaged with invasive angiography via the contralateral
femoral artery in order to identify the site of bleeding for possible correction (Figure 19.1). The vascular
surgery team should be involved early in the case and
the treatment strategy should be devised using a team
approach.
After identification, the point of extravasation can be
occluded with inflation of an angioplasty balloon over
the area. For effective tamponade, the balloon should be
sized 1 : 1 with the vessel and inflated just enough to stop
all extravasation of contrast. This should be confirmed
with dye injection through the contralateral sheath. High
inflation pressures can unnecessarily damage the arterial
wall, while an undersized balloon will fail to achieve
adequate hemostasis. Inflation times of up to 5–10 minutes may be required. If prolonged balloon inflation
is ineffective, placement of a covered stent (Wallgraft,
BSC, Watertown, MA) over the extravasation site can
be performed. Delivery of the stent is done through a
destination sheath placed in the contralateral femoral
artery and advanced to the affected side. If percutaneous
methods fail or are deemed unfeasible, surgical correction
of the vessel remains an effective option.
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Figure 19.1 (a) Because of hypotension and flank pain angiography performed via contralateral access showed extravasation of dye from an

inferior branch of the inferior epigastric artery (circle). (b) Via a sheath advanced from the contralateral side (red arrow), selective angiography
shows more clearly the perforation in the inferior epigastric artery (circle). (c) A single coil (red arrow) is applied at the perforation site. (d)
Angiography after placement of coil shows resolution of dye extravasation (circle). Shadowing of the clip is due to movement artifact during
digital subtraction angiography.

Arteriovenous Fistula Formation
An AVF may form when the percutaneous arterial puncture needle accidentally traverses the neighboring vein
and the introducer sheath is inserted through both vessels. This creates an abnormal communication between
vein and artery upon sheath removal. The incidence of
femoral AVF formation after cardiac catheterization is
close to 0.86% [35, 36]. The risk is increased with a low
puncture site, repeated puncture attempts and prolonged
clotting times during the procedure [13]. AVFs may
occur in combination with FAPs.
Clinical presentation usually includes a to-and-fro
murmur over the access site and, occasionally, pain and
swelling in the affected leg due to venous congestion.
When the AVF is larger, steal phenomenon may cause
distal arterial insufficiency and high-output heart failure
may occur. The diagnosis can be confirmed by color-flow
Doppler ultrasound. Most AVFs are small and progress

to spontaneous closure [37]. When the defect is large
and causes symptoms, surgery or percutaneous-based
closure is indicated to prevent further complications such
as expansion leading to increased shunting.
Most cases respond to ultrasound-guided compression.
Percutaneous correction can be done with placement of
covered stents on the arterial side of the AVF with high
success rates; close to 90% in at least two small series
[25, 26]. However, there seems to be a high risk of stent
occlusion with covered stent use, as high as 17% in
follow-up series [26]. As with other vascular injuries,
surgical repair is largely reserved for cases in which less
invasive techniques fail.
Lower Extremity Ischemia
Limb ischemia after cardiac catheterization is rare, with
a reported incidence of 0.18%. Although not always
limb-threatening, it may result in serious functional
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impairment [38]. Blood flow compromise usually results
from intimal flap dissection, local spasm, or vessel
thrombosis. Risk factors include use of larger catheters or
sheaths in relatively small arteries (catheter-artery mismatch), presence of peripheral vascular disease, advanced
age, cardiomyopathy, and the presence of hypercoagulable states [39]. Vascular closure devices (VCDs) can cause
acute vessel closure as a result of vessel injury leading to
thrombosis or mechanical vessel obstruction [40].
The classical clinical presentation of acute limb
ischemia includes pallor, pain, paresthesias, absent
pulses, and cold temperature of the affected limb. When
suspected, arterial occlusion can be confirmed by duplex
ultrasound. Angiography should then be performed
to establish the anatomical basis of ischemia and to
plan a treatment strategy. Percutaneous treatment
options include balloon angioplasty with or without
catheter-directed thrombolysis, stent placement, or
catheter thrombectomy. If percutaneous methods fail,
surgical repair may be required [38].
Infection
Bacteremia after PCI occurs in about 0.64% of patients.
The most commonly isolated organisms are Staphylococcus aureus, coagulase-negative Staphylococcus, and
group B Streptococcus. The incidence of bacteremia is
related to difficult access, repeated catheterizations at
the same site, and delayed sheath removal (>24 hours).
Septic complications related to bacteremia appear to
be more common with S. aureus infection and include
CFA mycotic aneurysm, septic arthritis, and septic
thrombosis [41].
Femoral Artery Access Techniques to Prevent
Vascular Complications
Prevention of vascular complications is paramount.
Although effective, the techniques used to correct complications may result in the creation of new ones, or
worsening of the original problem. Standard best practice
guidelines include ensuring an anterior-only puncture
during femoral artery access, attention to resistance
encountered when advancing a sheath wire, an early
sheath removal strategy after routine angiography cases
when anti-coagulation is not used, and a delayed sheath
removal strategy after intervention. In addition to these
general practice guidelines, specific techniques that may
be associated with lower complication rates are described
below (Table 19.4).
• Routine femoral head fluoroscopy. Use of fluoroscopy to
locate the femoral head before femoral artery puncture
resulted in higher rates of optimal sheath placement

Table 19.4 Techniques to prevent femoral artery access
complications and supporting evidence.
Technique

Evidence for efﬁcacy

Routine ﬂuoroscopy Randomized studies: Higher rate of correct
of femoral head
sheath placement
Observational studies: Lower risk of vascular
injury after PCI
Ultrasound-guided
puncture

Micropuncture
technique

Randomized studies: Higher rate of correct
sheath placement in patients with high CFA
bifurcation, and lower overall risk of
hematoma formation after PCI
Observational studies: No advantage in
prevention of vascular complications,
possible higher rates of retroperitoneal
hematoma

in the CFA in one single-center randomized study of
patients undergoing diagnostic catheterization. Fluoroscopy was especially beneficial in obese patients.
However, the use of fluoroscopy did not translate
to a lower risk of bleeding or hematoma formation
compared to “blind” puncture using palpation alone.
Close to half of the included patients were receiving
systemic anticoagulation [42]. A larger retrospective
observational study of patients undergoing PCI found
a reduction in the risk of pseudoaneurysm formation
and overall vascular injury with fluoroscopy-guided
access. The risk of bleeding and hematoma formation
was unchanged. Fluoroscopy was used in 48% of all
cases [43].
• Ultrasound guidance. The utility of real-time ultrasound (US) guidance for femoral artery puncture
was examined in the Femoral Arterial Access With
Ultrasound Trial (FAUST), a randomized multi-center
trial. No difference was found in the primary outcome of successful CFA cannulation compared to
fluoroscopy-guided access in the overall population or
in the pre-specified subgroups of patients with PVD or
obesity (BMI > 30 kg m−2 ). A significantly higher rate
of successful CFA cannulation was noted in patients
with a high bifurcation. The relative risk of vascular
complications, defined as a secondary outcome, was
reduced by 59% in the US-guidance group. This difference was driven by the lower incidence of small
hematomas [44]. In procedures involving the use of
large-bore cannulae for femoral access, retrospective
data suggest that US guidance increases the rate of
successful percutaneous access site closure in cases
where >20 Fr sheaths were used [45].
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• Micropuncture technique. This technique involves the
use of a 21G needle for CFA puncture followed by insertion of a 4 Fr short catheter with a 3 Fr inner dilator
over a 0.018-in. floppy wire. This is then upsized with
the use of a 0.035-in. wire to the desired sheath size.
Micropuncture arteriotomy was compared to the
standard access needle technique in a retrospective
study of 3243 patients undergoing PCI. Patients who
underwent access with the micropuncture technique
had a significantly higher prevalence of PVD, lower
body size, and older age at baseline, all well-known risk
factors for bleeding complications.
There was no difference in the overall complication
rate between both groups (7 [1.3%] vs. 27 [1.0%];
p = 0.54). The overall rate of RPH was low (<1%), but
significantly higher in the micropuncture technique
group. This was likely related to the difference in
baseline characteristics. Micropuncture technique was
not found to be an independent predictor of vascular
complications after adjustment for these variables [46].
The use of the micropuncture technique may prove
more beneficial in cases requiring larger arterial sheath
sizes than those used for routine PCI cases, i.e. >8 Fr, in
which confirmation of adequate CFA cannulation prior
to dilation with a large bore sheath can improve the feasibility of VCD use.

Vascular Closure Devices
for Femoral Access
Since the 1990s VCDs have emerged as a feasible alternative to manual compression for CFA access site closure
following endovascular procedures. VCDs are mainly
characterized by their mechanism of action.
Active VCDs include suture type devices (Perclose,
Abbot Vascular, Redwood City, CA), extravascular collagen implant (Angioseal, St Jude Medical, St Paul, MN;
Mynx AccessClosure, Inc., Mountain View, CA) and surgical staple/clip technology (Starclose, Abbot Vascular,
Redwood City, CA). Passive VCDs include patches and
compression devices. These latter devices do not promote
immediate hemostasis and are often used in conjunction
with manual compression to achieve vascular closure
over time (Table 19.5).
Efﬁcacy of Vascular Closure Devices
Meta-analysis data, including observational studies and
small-scale randomized controlled trials, show that VCDs
permit a shorter time to hemostasis and patient ambulation compared to manual or mechanical compression
after PCI. Consequently, the use of a VCD is strongly
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Table 19.5 Commonly used vascular closure devices and
mechanisms of action.
Device

Mechanism

Sheath size

Perclose

Suture with intravascular
component

Angio-Seal

Collagen and suture with

5–8 Fr; Larger sizes
possible with
pre-close technique
6 and 8 Fr

Starclose
Mynx

intravascular component
Extravascular nitinol clip
Extravascular PEG

5 and 6 Fr
5–7 Fr

hydrogel plug

preferred by patients compared to manual compression after sheath pulls. However, data have been mixed
regarding their benefit in reducing the rate of access site
complications, and a clear benefit has not been identified
[47–51]. Findings are similar in the realm of peripheral
vascular interventions, although at least one large retrospective study has suggested that VCDs may lower the
risk of complications in these latter procedures [10].
Several issues limit this existing body of evidence,
however. First, vascular complications are rare, especially
in low-risk procedures, and a possible beneficial effect
of VCDs is unlikely to be detected with the sample size
included in most of these clinical trials. Second, there
was significant heterogeneity in reported events and
procedural details among the studies included in these
meta-analyses. A recent American Heart Association
(AHA) scientific statement recognizes moderate- to
high-risk procedures as an understudied indication for
arteriotomy closure devices [52].
Vascular Closure Devices in Procedures Using
Large Bore Sheaths
Despite the current lack of data supporting the generalized use of VCDs, we believe the benefit of these devices in
preventing vascular complications directly correlates with
sheath size (Figure 19.2). Beyond a certain sheath size,
the benefit may become exponential compared to manual
compression.
With the advent of percutaneously placed ventricular
assistive devices such as the Impella (Abiomed, Danvers, MA) and transcatheter aortic valvular replacement
(TAVR), procedures that require large femoral sheath
sizes, the use of VCDs is expanding in the world of interventional cardiology. For instance, the Impella 2.5 and
CP require use of 13 Fr and 14 Fr sheaths, respectively.
Currently available TAVR valves, Sapien XT and Edwards
CoreValve, require access sheath sizes of 18–20 Fr, and
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Benefits of closure device < VCD-associated complications

Benefits of closure device > VCD-associated complications

5Fr 6Fr 7F

> 11F ≥ 13F

Figure 19.2 The relative benefit of a vascular closure device (VCD)
becomes greater than harm from VCD-associated complications as
the sheath size gets bigger. When the sheath size is small, harm
exceeds benefit. There is an “inflection” point beyond which the benefits become “infinite.” In another words, the relative potential harm
from using a VCD as compared to potential benefit is extremely small.
We think this “inflection” point is around 10–11 Fr.

endovascular aortic repair grafts require the use of 12–24
Fr sheaths [53].
Closure of large-bore arteriotomy sites is most commonly done with suture-mediated VCDs using the
well-known “pre-close” technique [53]. This involves
the deployment of two 6 Fr Perclose Proglide devices
(Abbot Vascular, Redwood City, CA) into the femoral
artery, rotated at a 30∘ angle opposite from each other
with respect to the midline. The sutures for each system
are then left extracorporeally and marked with a small
clamp. The site is then serially dilated over a stiff guide
wire system for insertion of the large bore sheath. Upon
completion of the procedure, the introducer sheath is
removed while maintaining access with a 0.035-in. guide
wire. The sutures for each Perclose system are cinched
down over the wire, which is removed after adequate
hemostasis is confirmed. After removal of the wire, a
second final cinching down of the Perclose sutures is
required to ensure optimal hemostasis.
Post-closure technique using the Perclose Proglide
devices (Abbot Vascular, Redwood City, CA) has also
been described after large bore access, including extracorporeal membrane oxygenation (ECMO) cannulation
[54].
Complications Associated with Vascular Closure
Devices
Although rare, the most common complications associated with VCD use include infection, embolic events
or acute vessel closure, and bleeding due to device

deployment failure. Acute vessel closure represents the
most serious of these complications because it can result
in a threatened limb, and an intervention is usually
required urgently.
A few centers in the United States have developed
endovascular rescue procedures for acute femoral artery
closure caused by VCDs, particularly for Angio-Seal (St
Jude Medical, St Paul, MN) and Perclose (Redwood City,
CA), with anecdotal encouraging results.
These procedures are carried out via the contralateral
femoral artery. Crossing over to the affected limb is
done with a destination sheath. Typically, a 0.035-in.
hydrophilic wire can be used to traverse the obstruction.
If there is evidence of thrombus, a 0.035-in. exchange
catheter can be advanced over the wire to be exchanged
for a filter wire.
Typically, balloon angioplasty will suffice. Care should
be taken to size the balloon 1 : 1 with the vessel lumen for
optimal results (Figure 19.3). A smaller balloon may be
used for initial dilation. A stent is rarely used in cases of
CFA injury.
Early referral for vascular surgery evaluation is essential. In most cases, the location of an arterial access site
complication is easily accessible by surgery and often
the repair can be relatively uncomplicated. Although
an endovascular repair can be successful, aggressive,
unwarranted “escalation” of a percutaneous rescue
attempt may result in further complications such as
propagation of a dissection plane with a wire or distal
embolization of VCD debris or thrombus that can significantly complicate what would otherwise have been
a relatively straightforward surgical repair. A surgical
consultation early in the planning process for treatment of a VCD-associated complication can temper
an unnecessary “heroic” endovascular approach and
alert the surgical team to prepare for a possible salvage
operation.

Radial Artery-Related
Complications
Transradial access (TRA) for percutaneous interventions has grown rapidly over the past decade. National
Cardiovascular Data Registry (NCDR) data show that
the number of PCIs performed via the radial artery has
increased from 1.2% in 2007 to 16.1% in 2012 across the
United States. There is great variation in its use, however,
with as many as 13% of hospitals reporting no use of
TRA [55]. TRA is also emerging as an alternative in
peripheral vascular interventions. Several observational
and feasibility studies have demonstrated its safety and
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Figure 19.3 (a) Because of loss of pulse after placement of a vascular closure device (VCD) angiography performed via contralateral access
showed occlusion of the common femoral artery (red arrow). (b) Via a sheath (open arrow) advanced from the contralateral side, an angioplasty
balloon was advanced across the obstruction over a wire and inflated (red arrow). (c) Angiography with the balloon inflated shows 1 : 1 sizing.
(d) Final angiography demonstrates resolution of obstruction caused by the VCD.

efficacy in carotid, renal, subclavian, common femoral,
and iliac artery procedures [56–60].
The growing preference for TRA is owing to its many
advantages, including lower incidence of access-site
complications with similar procedural success rates,
easier hemostasis due to the superficial course of the
artery, companion blood flow from the ulnar artery that
mitigates ischemic complications and greater patient
satisfaction derived from early ambulation following
procedures.
Successful radial artery cannulation for PTCA
approaches 93% and is comparable to that seen in
cases performed via the brachial and femoral arteries:
95.7% and 99.7%, respectively, in randomized studies [61]. PCI success rates via the radial approach are
comparable or even superior to the femoral approach
in more contemporary NCDR registry data (OR, 1.13;
95% CI 1.06–1.20) [55]. A list of common complications
encountered with TRA is given in Table 19.6.

Table 19.6 Incidence of various types of
vascular complications after percutaneous
coronary interventions using radial artery access.

a

Complication

Incidence
after PTCA

Radial artery spasm
Radial artery occlusion

10%
3–10%

Hematoma
Radial artery perforation
Major bleeding
(REPLACE-2 criteria)a

10%
1%
1.4%

Not access-site related.

Radial Artery Spasm
As a muscular artery with abundant 𝛼-receptors, the
radial artery is prone to spasm in response to increase in
circulating catecholamines or local trauma. Radial artery
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spasm (RAS) can lead to significant patient discomfort
and procedure failure, leading to access-site crossover.
The incidence of RAS with current access techniques and
use of hydrophilic sheaths has been reported as close to
10% [62].
Preventive measures to reduce the risk of spasm include
administration of spasmolytic cocktails and appropriate patient sedation and analgesia. Use of hydrophilic
sheaths has also been proven to reduce the incidence of
RAS [63, 64]. Long arterial sheaths have been used in
the past as a preventive measure for RAS in an attempt
to protect the radial artery from trauma during wire and
catheter exchanges [65]. Evidence to support their use
is not conclusive and they have been largely abandoned
since it is feared that longer sheaths may prove more difficult to remove should spasm occur [66]. In addition, one
study found a higher incidence of radial artery occlusion
(RAO) with use of long (23 cm) vs. short radial artery
sheaths (13 cm) [67].
Once spasm occurs, it can be treated effectively with
intra-arterial vasodilators, local anesthetics, increased
patient sedation and analgesia. Exchange for a smaller
sheath size (i.e. 4 Fr) might be effective in some cases.
Use of direct muscle relaxants like papaverine has also
been reported [68]. Patience on the part of the operator is
always required since spasm may improve after allowing
for some time without instrument manipulation. In
the presence of RAS, care should be taken not to apply
excessive force for sheath removal since this may result in
radial artery transection or eversion endarterectomy [66].
In severe cases, an axillary nerve block, deep sedation
or even general anesthesia may be required for sheath
removal [69, 70].
Radial Artery Occlusion
RAO is a well-known complication of TRA. It is commonly underdiagnosed since it is clinically silent when
collateral blood supply from the ulnar artery and palmar
arch is adequate. Inadequacy of collateral blood supply
from the ulnar artery can be documented by an abnormal Barbeau test. The presence of a radial pulse does not
rule out RAO since it may be produced by collateral circulation.
Reports of incidence vary according to the method
used for diagnosis and are as high as 10% [67]. In a
series of 563 patients undergoing angiography with 6 Fr
guiding catheters, radial artery patency was assessed via
ultrasound after the index procedure: RAO incidence
was 5.3% at the time of hospital discharge and 2.8% at
one month follow-up. All of the observed cases were
asymptomatic [71].

Prevention of RAO is focused on anticoagulation
administration since heparin has been proven to reduce
RAO rates in a dose-dependent fashion whether given
intravenously or intra-arterially [72]. In our laboratory
the usual dose is 50 U kg−1 of unfractionated heparin
given intra-arterially after sheath insertion. Bivalirudin
and low-molecular weight heparin can also be used [73].
In patients with continued systemic anticoagulation with
warfarin, most operators opt for concomitant administration of heparin to block coagulation pathways not
interrupted by warfarin.
Another important measure in RAO prevention is
“patent” hemostasis when external compression is applied
after sheath removal. This is confirmed by plethysmography showing anterograde radial artery flow during
concomitant ulnar artery compression [74]. Risk factors
predisposing to RAO are older age, female sex, smaller
body size, catheter, or sheath-artery mismatch [75].
Attempts at artery recanalization are not favored since
clinical consequence in the presence of a patent ulnar
artery is minimal and spontaneous recanalization rates
are thought to be high [71]. Transient ulnar compression
has been described as a non-invasive, non-pharmacologic
method to recanalize RAO [76].
Bleeding Complications
Non-access site related events defined as major bleeding
by REPLACE-2 criteria occur in approximately 1.4% of
TRA PCIs. These include intraocular, intracranial, or
retroperitoneal bleeding as well as overt hemorrhage
with a ≥ 3 g dl−1 drop in hemoglobin or a ≥ 4 g dl−1 drop
without overt bleeding and those requiring transfusion
of more than ≥2 units of blood products. Predictors of
these bleeding events are similar to those seen in femoral
artery access related cases (Table 19.2) [77].
Major vascular complication rates after PTCA are
reportedly as low as 0% in randomized studies compared
to 2.3% in the brachial and 2.0% in the femoral artery
approach [61]. Series comparing rates of major complications after PTCA with use of abciximab have also shown
significantly lower rates in the transradial approach
compared to the transfemoral approach; 0% vs. 7.4%
(p = 0.04) [78]. This trend is also present in the 2007–2012
NCDR registry data with significantly fewer vascular
complications (OR, 0.39; 95% CI, 0.31–0.50), and significantly fewer bleeding complications (OR, 0.51; 95% CI,
0.49–0.54) in cases using the transradial approach [55].
Arteriotomy-related bleeding complications are mostly
limited to hematoma formation and seem to be more
common in women. A classification of radial artery
related hematomas according to their extension and
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EASY Hematology classification after transradial/ulnar PCI

Radial
Ulnar
5 cm
10 cm
Forearm

I
II
III

Arm

IV

Grade

I

II

III

IV

V

Incidence

<5%

<3%

<2%

<0.1%

<0.01%

Definition

Local hematoma
superficial

Hematoma with
moderate muscle
infiltration

Forearm hematoma,
muscle infiltration
below elbow

Muscle
infiltration
above elbow

Evidence of
compartment
syndrome

Treatment

Analgesia
Additional bracelet
Local ice

Analgesia
Analgesia
Additional bracelet Additional bracelet
Local ice
Local ice

Analgesia
Additional
bracelet
Local ice

Surgical
consultation

Notes

Inform physician

Inform physician

Inform
physician

STAT call to
physician

Inform physician

Remarks:- Follow forearm diameter to determine need for additional bracelet.
- Additional bracelet can be placed along anatomy of the artery.
- Consider discontinuing antiplatelet or anticoagulant therapy.
Figure 19.4 Classification of hematomas associated with percutaneous procedures using radial artery access and suggested treatment.

severity has been proposed (Figure 19.4). Grades I
(<5 cm) and II (<10 cm) are usually related to puncture
site bleeding, while Grades III (>10 cm below the elbow)
and IV (above the elbow) usually result from inadvertent
wire perforation of more proximal vessels [77].
Hematomas Grades I and II are usually easily controlled with manual compression or use of external
compression devices. Large hematomas (Grades III
and IV) can result in compartment syndrome, a
limb-threatening complication. To prevent this, early
measures such as discontinuation of anticoagulation,
control of blood pressure, and external compression of
the area should be taken to avoid hematoma expansion.
If radial artery perforation is suspected during the procedure based on resistance to guide wire advancement or
patient complaints of pain, injection of contrast will help
confirm the diagnosis and locate the site of extravasation.
Options for management include insertion of a long
sheath to seal the area [79] or prolonged balloon inflation

to tamponade the site [80]. Anecdotal reports have
shown that the guide catheter itself can tamponade the
perforation effectively during PCI when the procedure is
continued, even in the presence of GP IIb/IIIa inhibitors
administration [79].
When compartment syndrome is suspected, an estimation of intramuscular pressure should be made to direct
further therapy. In the forearm, a cut-off intramuscular
pressure of 30 mmHg has been established experimentally as an indication for open fasciotomy, since prolonged
exposure to this pressure can lead to irreversible limb
damage, including Volkmann’s contracture [81].

Brachial Artery-Related
Complications
Brachial artery access has classically been used as
an alternative approach for coronary and peripheral
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endovascular interventions in patients with severe
arterial disease or other conditions that prohibit CFA
access. Percutaneous puncture for brachial artery cannulation has high success rates and has largely replaced
surgical cutdown [82]. Procedural success rates for
PTCA and endovascular interventions are high through
this approach, and are comparable to those seen in the
femoral and radial approaches [61].
Major complications related to brachial access include
thrombosis, bleeding, pseudoaneurysm formation, and
brachial nerve compression. The incidence of these complications related to coronary interventions has been
reported between 1.6% and 2.8% [61, 83]. In the case of
peripheral diagnostic angiography and interventions, the
incidence of complications related to brachial access has
classically been reported as much higher, ranging from
7% to 11% [84–86]. More modern series, however, report
an overall incidence of complications as low as 1.28%,
although with only 0.45% of patients undergoing peripheral interventions through this approach. All brachial
artery-related complications appear to be more common
in women [87].
Thrombosis should be suspected with signs of ischemia
or absence of a distal pulse. It is more common than bleeding in the brachial artery. The Society of Cardiac Angiography and Interventions (SCAIs) registry data indicates a
fourfold increase in the risk of thrombotic complications
related to the brachial artery compared to femoral artery
access (0.96% vs. 0.22%; p < 0.001).
Treatment options in these cases include local thrombolytic administration or catheter-guided thrombectomy.
If the cause of arterial occlusion is an intimal flap related
to vessel dissection, angioplasty with or without stenting
may be required to restore patency and blood flow. Surgical repair remains an option for cases in which percutaneous techniques are unsuccessful.
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Summary
Deep vein thrombosis presents in a spectrum of severity.
Iliofemoral DVT tends to cause significant symptoms
acutely, occasionally in a limb- and life-threatening
presentation called phlegmasia cerulea dolens, and is
also associated with increased risk of potentially disabling post-thrombotic syndrome. Data thus far point
toward an “open vein” hypothesis, which postulates
that a patent venous outflow is critical for prevention of
post-thrombotic syndrome and to minimize symptoms of
venous insufficiency. Short-term results of catheter-based
therapies for deep venous thrombosis (DVT) suggest
a beneficial effect in patients, especially those with
iliofemoral DVT (as opposed to femoropopliteal DVT).
However, the long-term benefits will be established
through modern, ongoing, randomized controlled trials.
Although at present there are no stents that have been
designed specifically for the venous circulation, the
rapidly growing field of interventional therapies for DVT
promises a slew of new devices and techniques to come.
Lower extremity DVT is common. There are between
100 000 and 300 000 cases of DVT every year in the
United States alone [1, 2]. Management of lower extremity DVT largely depends on its presentation. Deep vein
thrombosis can exist in a spectrum of severity that
ranges from asymptomatic, isolated calf vein thrombosis, which may not require anticoagulation, to acute
iliofemoral deep vein thrombosis causing severe venous
outflow obstruction with phlegmasia cerulea dolens
and venous gangrene that usually requires emergent
thrombolysis or thrombectomy. Although most patients
with proximal lower extremity DVT respond favorably
to anticoagulation alone, patients with more severe forms
of DVT may require more aggressive therapies. While

surgical thrombectomy has been studied, the results have
been generally not favorable. These suboptimal outcomes,
along with evolving endovascular devices and techniques,
have created a rapidly growing space for catheter-based
therapies for the treatment of acute DVT.

Acute DVT
In selecting those patients with acute lower extremity
DVT who may benefit from endovascular therapy, two
questions must be answered: (i) what is the risk of developing venous gangrene (or phlegmasia cerulea dolens)
and limb loss if venous revascularization (catheter or surgical) is not performed and (ii) what is the risk of severe
post-thrombotic syndrome if the patient is managed
conservatively with anticoagulation alone?
Phlegmasia Cerulea Dolens
Phlegmasia cerulea dolens is a life-threatening complication of acute deep vein thrombosis. The clinical picture
consists of DVT that causes severe swelling of the entire
lower extremity with cyanosis and extremity pain, and
may cause arterial insufficiency, compartment syndrome,
venous gangrene, and limb amputation. The syndrome
requires emergent evaluation, diagnosis, and treatment to
prevent limb loss. The treatment methods that have been
suggested include anticoagulation with leg elevation,
fasciotomy, surgical thrombectomy, and thrombolysis.
Catheter-based therapies typically include a combination of mechanical thrombectomy catheter-directed
thrombolysis. In current practice, most patients with
phlegmasia cerulea dolens are managed with thrombectomy (usually aspiration thrombectomy or angioplasty
to macerate the thrombus), followed by catheter-directed
thrombolysis and venous stenting [3, 4].
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Post-Thrombotic Syndrome
Beyond acute symptoms, DVT carries long-term vascular implications related to the risk of development of
post-thrombotic syndrome (PTS). This entity is characterized by symptoms of chronic venous insufficiency,
including leg swelling, heaviness, aching, hyperpigmentation, and development of venous stasis ulcers. PTS can
be very debilitating and result in decreased quality of life.
A 2008 study demonstrated that patients with moderate
or severe symptoms of PTS reported quality of life scores
lower than those previously reported for conditions such
as arthritis, chronic lung disease, chronic angina, and
congestive heart failure [5].
Although not completely understood, the underlying mechanism of PTS is thought to involve venous
hypertension caused by residual obstruction from the
thrombus as well as valvular incompetence resulting in
venous reflux [6]. PTS has been reported in as many as
50–60% of all patients with DVT or treated with anticoagulation alone [7]. While it was previously believed that
use of medical-grade 30–40 mmHg compression stockings decreased the risk of development of PTS, a recent
randomized control trial has challenged this notion [7].
Rapid thrombus removal has been shown to reduce the
risk of venous reflux, with improved venous outflow [8].
A prospective randomized study in patients with acute
iliofemoral DVT demonstrated improved venous patency
with a reduction in PTS at 10 years among patients who
underwent surgical thrombectomy and anticoagulation,
as compared to patients who were managed medically
with anticoagulation alone [9].
Although systemic thrombolysis was studied for the
treatment of acute deep vein thrombosis, excess risk in
major bleeding complications has led to the abandonment of this approach. The current American College of
Chest Physician (ACCP) guidelines recommend against
use of systemic thrombolysis for patients with lower
extremity deep vein thrombosis [10].

Catheter-Based Therapies for Acute
DVT
With the evolution of catheter-directed therapies, the
open vein hypothesis has gained importance. This
hypothesis postulates that immediate and effective
removal of acute venous thrombus reduces the risk
of PTS. Several trials have tested catheter-directed
thrombolysis for the treatment of lower extremity
DVT and prevention of PTS. The efficacy and safety of
catheter-directed thrombolysis was first suggested in a
1999 study by Mewissen et al. [11]. In this multi-center

registry, 473 patients with symptomatic lower extremity
DVT were treated with catheter-delivered urokinase
infusions. Approximately 70% of patients had iliofemoral
DVT, while 25% had femoropopliteal DVT. Immediate
post-lysis results were predictive of one-year patency
rates, with one-year patency rates of 79% among patients
who had achieved complete lysis. Patency was also more
common in patients with iliofemoral DVT as compared
to those with femoropopliteal DVT. The study was limited by increased bleeding complications, with 11% of
patients experiencing a major bleeding event, with one
case due to intracranial hemorrhage [11].
The first randomized controlled trial showing that
catheter-directed thrombolysis may be advantageous
to anticoagulation alone was carried out by Elsharawy
et al. [12]. The investigators randomized 35 patients with
iliofemoral DVT to either catheter-directed thrombolysis
plus anticoagulation versus anticoagulation alone [12].
Thrombolysis was achieved using a low-dose streptokinase infusion at 100000 units per hour. Patients returned
at 12-hour intervals for venography and catheter advancement if necessary. Thrombolysis was terminated if lysis
was complete, there was no evidence of progress after 12
hours of lysis or if any major complications occurred. At
six-month follow-up, venous reflux was seen in 47% of
patients treated with anticoagulation alone versus 11% of
patients treated with catheter-directed therapy (p = 0.04).
Another single-center, prospective study involved 101
patients with iliofemoral DVT. The investigators looked at
the effect of catheter-directed thrombolysis on the development of PTS. Patients were treated with a 10 mg bolus
of recombinant tissue plasminogen activator (tPA), followed by a 1–2 mg per hour infusion. Venous stenting was
used if residual stenosis was seen. At six years, 86% of
treated limbs had patent veins with incompetent valves,
without any skin changes of venous claudication. At six
years, 14% of patients had developed PTS, which was a
marked improvement compared to the historical rate of
50–60% [13].
The correlation between residual thrombus with PTS
after catheter-directed thrombolysis in patients with
iliofemoral DVT was studied by Comerota in 2012
[14]. A significant correlation between Villalta score
representing the severity of PTS and residual thrombus
was seen. In patients with iliofemoral DVT treated with
catheter-based thrombolysis, post-thrombotic morbidity
was related to residual thrombus. If thrombus clearance
was complete, PTS was avoided [14].
The largest multi-center randomized controlled
trial looking at catheter-directed thrombolysis was
the CAVENT trial from 2012 [15]. 209 patients were
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randomly assigned to either anticoagulation alone or
catheter-directed thrombolysis. The catheter-directed
lysis protocol consisted of 0.01 mg kg−1 h−1 of tPA for a
maximum duration of 96 hours; the maximum allowed
dose was 20 mg per 24 hour period. Unfractionated
heparin was administered simultaneously to achieve
an aPTT goal of 1.2–1.7 times above the normal. The
two co-primary endpoints were PTS development at
24 months and iliofemoral vein patency at six months.
The rate of PTS at 24 months was lower in patients
treated with catheter-directed thrombolysis compared
with anticoagulation alone, 41% versus 56% (p = 0.047).
Absolute risk reduction was 14.4%, and the number
needed to treat was 7. There were 20 bleeding complications related to catheter-directed lysis, three were
major. There were no deaths or intracranial hemorrhage
related to catheter-directed lysis. This was the second
study to show that catheter-directed lysis may be superior
to anticoagulation alone. The absolute risk reduction
and development of PTS appear to increase with time.
At two years, the absolute risk reduction was 40% with
catheter-directed lysis, which increased to 28% after five
years. The number needed to treat decreased from 7 to
4. In five years, 43% of patients in the catheter-directed
lysis group had developed PTS versus 71% in the control
group, for an absolute risk reduction of 20% (25% CI
14–42) [15].
One of the criticisms of CAVENT was the low incidence
of adjunctive venous stenting, which is believed to have
diminished the overall benefit of catheter-directed lysis.
Only 15% of patients underwent adjunctive endovascular
treatment compared to more liberal use today. The most
recent ACCP guidelines from 2016 suggest anticoagulation therapy alone should be used over catheter-directed
lysis with a Grade 2C recommendation [10, 16]. However,
there is a statement that the patients most likely to benefit from catheter-directed lysis were those who place high
value on the prevention of PTS and accept the risks associated with the procedure.
In normal practice, and consistent with the 2016 ACCP
guidelines, the patients who are most likely to benefit
from catheter-directed lysis are those with iliofemoral
DVT, symptoms lasting less than 14 days, good functional
status, life expectancy greater than one year, and low risk
for bleeding. The ATTRACT trial is expected to shed
further light on the value of catheter-directed lysis for
acute DVT [17].
Techniques
Contemporary catheter-based treatment of acute DVT
offers significant versatility that can be advantageous
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for tailoring therapy to an individual patient. While
most patients undergo catheter-delivered thrombolysis,
techniques based primarily on mechanical removal of
the thrombus exist for patients who are ineligible for
thrombolysis. There are several factors to consider when
considering endovascular intervention for the treatment
of patients with acute DVT. Some factors are related to
the thrombus and others are related to the patient.

Age of Thrombus
As thrombi age, fibrin becomes cross-linked and is less
susceptible to lysis. Generally, thrombi are considered to
be acute or subacute when they are less than four weeks
old and chronic when they are more than four weeks old.
“Rapid lysis” with pharmacomechanical thrombectomy
can be considered in acute or subacute thrombi. The
success of these approaches is expected to be lower with
chronic thrombi.

Thrombus Burden
Determining thrombus burden is important when setting
up a strategy for thrombolysis. Almost all patients have
a complete lower extremity venous duplex ultrasound.
In our practice, almost all patients with iliofemoral
DVT have cross-sectional imaging with either computed
tomography (CT) venography or magnetic resonance
(MR) venography to assess involvement of the pelvic
veins as well as the inferior vena cava (IVC). Venous
compression syndromes, such as May–Thurner, must
be investigated. Similarly, it is important to determine
whether the patient has had an IVC filter.

Patient Comorbidities
There are several patient comorbidities that may affect
the interventional approach being considered for acute
DVT. First and foremost is bleeding risk. The main absolute contraindication to thrombolysis is active bleeding.
All other conditions are relative contraindications and
the risks of serious bleeding must be weighed carefully
against the expected benefits derived from the procedure.
Common contraindications to thrombolysis include
stroke or significant head trauma within the past three
months, major surgery within the last 14 days, arterial
puncture at noncompressible sites within the prior week,
neuraxial anesthesia within the last 14 days, history
of spontaneous intracranial hemorrhage, intracerebral
lesions that predispose to bleeding (e.g. arteriovenous
(AV) malformations or neoplasm), thrombocytopenia
with a platelet count less than 100 000 platelets/μl, uncontrolled hypertension (systolic blood pressure greater than
180 mmHg or diastolic blood pressure greater than
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110 mmHg), advanced age (generally greater than 75
years of age), and pregnancy. Other comorbidities that
must be considered include renal insufficiency.

Devices
Rheolytic Thrombectomy (AngioJet)

The AngioJet device (Medrad Interventional, PA) consists
of a double-lumen catheter that generates high-pressure
saline jets at the catheter tip, creating a vacuum that allows
thrombus aspiration. The AngioJet system is delivered
through an 8 Fr guide catheter co-axially placed through
a sheath. The most commonly used dilution for thrombolysis consists of 25 mg of tPA in 1000 ml of saline. The
guide catheter and AngioJet are passed to the center of
the thrombus. Once the system is activated, the catheter
is slowly retracted through the thrombus. Sequential vein
segments are treated, followed by venography. Additional
treatment or prolonged catheter-directed thrombolysis can be administered if there is significant residual
thrombus. There are two specific concerns related to use
of AngioJet. The first relates to severe hemolysis due to
destruction of erythrocytes from the high-pressure jets
generated by the system. Free hemoglobin can cause
pigment-induced nephropathy and acute renal failure.
The second concern is the development of severe bradyarrhythmias (including high-degree AV block and
asystole). This complication has been reported primarily
in patients who were being treated for acute pulmonary
embolism. Some interventionalists prefer not to use
AngioJet if the device crosses the right atrium (i.e. right
internal jugular access for lower extremity venous lysis).
Catheter-Directed Thrombolysis

Although there are no standardized thrombolytic
infusion protocols, common regimens include tPA
continuously infused at a rate of 0.5–1.0 mg h−1 over a
period of 12–24 hours. Whether anticoagulation should
be continued during the infusion of the fibrinolytic agent
is a matter of some debate. Most interventionalists hold
full-dose anticoagulation during fibrinolysis and instead
infuse a reduced dose of heparin (e.g. 300–500 units per
hour, often called “mini heparin”) through the sidearm
of the access sheath. In otherwise young and healthy
patients deemed at very low risk of bleeding, and who
have significant thrombus burden, full-dose anticoagulation with a short-acting drug (e.g. unfractionated
heparin) may be continued during the infusion of the
fibrinolytic. Some interventionalists follow fibrinogen
levels during the infusion of the fibrinolytic because it has
been suggested (though not conclusively demonstrated)
that significant drops in fibrinogen levels may predict

bleeding complications. Fibrinogen levels are determined
at baseline, and then at four- to six-hour intervals. If the
fibrinogen levels fall to 30–40% of their level at baseline
(or an absolute level <100–150 mg dl−1 ), then the dose
of the fibrinolytic infusion rate may be reduced. Patients
are usually brought back to the endosuite for repeat
venography using the same access sheath. If significant
venous recanalization has occurred, additional techniques (e.g. venous stenting or balloon angioplasty) may
be employed to maximize vein patency. Venous stents
are almost never extended below the inguinal ligament
as this is a flexion point and stent fracture becomes a real
possibility (see below). If significant venous recanalization has not occurred despite initial treatment, the tPA
infusion can be continued for an additional 18–24 hours
before additional adjunctive therapies are considered.
Ultrasound-Assisted Thrombolysis

The EkoSonic Endovascular System (EKOS Corporation, Bothwell, WA) has been cleared by the Food
and Drug Administration for use in treating patients
with acute pulmonary embolism. The device consists of
two endovascular devices: an intelligent drug delivery
catheter (IDDC), which is a 5.2 Fr multi-lumen infusion
catheter, and a microsonic device (MSD) containing
several evenly spaced ultrasound transducers positioned along the treatment zone. The Ekosonic device
is capable of simultaneously infusing a fibrinolytic drug
within the pulmonary artery and of emitting low-power,
high-frequency (2.2 MHz) ultrasound that “loosens”
the thrombus, increasing penetration of the fibrinolytic
drug into the thrombus and (theoretically) accelerating
thrombolysis. The recently enrolling ACCESS PTS trial
(Ekos Corporation, a BTG International Group) [18]
looks at endovascular intervention for patients with
documented PTS and the ability to recanalize diseased
venous segments as well as reduce the sequelae of PTS.
Aspiration Thrombectomy (Penumbra, Inc., Indigo
System)

Aspiration thrombectomy can provide rapid restoration
of flow in acute DVT (Figure 20.1a–e). It can be used
when thrombolytic therapy or surgery are contraindicated, as well as in conjunction with catheter delivered
from lysis to shorten the length of the thrombolytic
infusion and reduce the length of stay. The indigo system from Penumbra provides the ability for larger bore
aspiration of thrombus from large vessels. The system
can work with a proprietary pump which maximizes
aspiration power and deficiency, allowing continuous
aspiration of the system without clogging the catheter’s
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Figure 20.1 Acute right iliofemoral vein DVT secondary to extrinsic compression of the right common iliac vein by a malignant pelvic mass.

The patient was deemed ineligible for thrombolysis. Right popliteal access was obtained. (a) Initial venography demonstrates occlusion of the
right common iliac vein. (b) Penumbra catheter was advanced into the thrombus and aspiration thrombectomy was performed. (c) A 14 mm
SMART stent was deployed within the right common iliac vein. (d) Marked improvement in venous outflow post-intervention. (e) Thrombus
fragments retrieved during aspiration thrombectomy.
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tip. Currently available sizes for the Penumbra catheter
range from 3.4 to 8 Fr, and lengths range from 85 to
150 cm. Several case series document positive results
with use of aspiration thrombectomy using the indigo
system for rapid improvement of blood flow and acute
DVT [19].

Access
When determining access for the treatment of acute DVT,
a site that will allow treatment of the entire involved deep
venous structure is usually selected. For example, if the
patient has DVT involving the iliofemoral segment, and
the popliteal is patent, popliteal access is selected. If
the popliteal is also thrombosed, access may be gained
through an ipsilateral posterior tibial vein. An additional
option would be accessing the right internal jugular
vein. The contralateral common femoral vein can also be
considered.

Venous Stenting
Venous stenting for acute DVT is usually performed
in cases of IVC thrombosis or iliac vein DVT. Stents
become necessary when venous patency is not adequately
achieved with angioplasty alone, usually resulting from
venous compression syndromes or chronic thrombosis.
Venous stents are usually placed in the IVC, common
iliac, external iliac, and occasionally the common femoral
vein. Stents should almost never be used more distally
to the inguinal ligament due to the risk of stent fracture from hip flexion. When considering the patient for
venous stenting, it is critically important to understand
both the venous inflow as well as the venous outflow of
the vein segment being treated. In the case of iliac veins,
it is particularly important to know the anatomy and
function of the common femoral vein, profunda, and
femoral vein. Most patients require good cross-sectional
imaging with either CT venography or MR venography
for planning purposes (Figure 20.2a). A lower extremity
venous duplex provides important information regarding
flow. The right internal jugular is a common access site
for iliac vein stenting because additional therapies can
be delivered to the common femoral, profunda femoris,
and femoral vein if involvement is identified. This is
much more complex if access is gained through the
ipsilateral popliteal. Internal jugular access also allows
for more precise placement of the distal edge of the stent.
Occasionally, for more complex procedures, both groins
as well as the right internal jugular are prepped and ready
for access.

Currently, there are no dedicated venous stents that
have been approved by the Food and Drug Administration. Most interventionalists typically use stents that were
designed and approved for the arterial system. However,
unlike arterial disease, iliac veins typically require larger
and longer stents. Important features that one looks for
in venous stents include large diameters (typically greater
than 14 mm, as the stent size should generally match the
diameter of the native vein), as well as an appropriate
level of radial force to avoid stent crushing.
May–Thurner

May–Thurner is an anatomical variant in which the
right common iliac artery compresses the left common
iliac vein (Figure 20.2a–e). Even though this is the most
common variant of May–Thurner, there are additional
anatomical abnormalities whereby the left common
iliac artery compresses the left common iliac vein. The
pathophysiology of the syndrome goes beyond extrinsic
compression of the vein. Since the original report by May
and Thurner it has been recognized that the extrinsic
compression elicits inflammatory and fibrotic response
within the left common iliac vein, resulting in the formation of intraluminal webs that obstruct blood flow in the
left common iliac vein [20]. It is these webs that cause leg
swelling and ultimately deep vein thrombosis.
After successful thrombolysis of patients with
iliofemoral DVT, it is not unusual to unmask underlying chronic vein obstruction. The obstruction may be
due to extrinsic compression, intraluminal obstruction,
or both. In cases of underlying venous obstruction,
balloon angioplasty alone generally does not work well
due to vessel wall recoil. Stenting has therefore become
standard therapy. When deciding whether or not to proceed with venous stenting, it is critical to determine the
degree of venous outflow obstruction after thrombolysis.
This can be done with either multiplane venography or
intravascular ultrasound (IVUS). There are no standard
validated hemodynamic measurements for hemodynamically significant venous stenoses, therefore the
assessment is done mostly based on anatomic criteria.
Venous lesions resulting in at least a 50% diameter
reduction are generally considered significant, possibly
warranting intervention. Long-term patency rates after
venous stenting from May–Thurner are very good, with
primary and secondary patency rates at six years of about
57% and 86%, respectively [21, 22]. Even though there
have been no prospective randomized control trials to
look at the optimal duration of anticoagulation after
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Figure 20.2 (a) MR venography showing the right common iliac artery compressing the left common iliac vein (arrow). (b) Venogram showing patency distal to the focal compression of the left common iliac vein. Retrograde flow is seen through the left hypogastric vein, which
supplies multiple left-to-right pelvic collaterals that eventually drain into the IVC. (c) The left common iliac vein and left external iliac vein
stenosis were stented using a 16 mm × 90 mm Wallstent. The Wallstent was then post dilated proximally to 16 mm and distally to 12 mm. (d)
Post-intervention venogram showing marked improvement in the diameter of the lumen and resolution of the collateral veins previously seen.
(e) Marked improvement in luminal area of the left common iliac vein by IVUS (53 mm2 pre-intervention to 114.3 mm2 post-intervention).
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venous stenting, because the primary abnormality relates
to mechanical obstruction to venous outflow, it is generally believed that three months of anticoagulation after
venous stenting suffices.
IVUS has been shown to be superior to venography
in terms of identification of significant venous stenosis.
IVUS allows accurate measurement of diameter reduction and identifies areas of external compression and
the presence of intraluminal webs. Additionally, IVUS
can be used for accurate sizing of the venous stents used
(Figure 20.2e).
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Introduction
Chronic venous disease (CVD) represents abnormalities
of the venous system of significant duration to elicit either
symptoms and/or signs requiring investigation or care.
Included within the spectrum of CVD is varicose veins
and chronic venous insufficiency (CVI). CVI represents
the more advanced forms of CVD with the development
of signs of chronically elevated ambulatory venous pressures including moderate to severe edema, skin changes,
or venous ulcers [1]. There is a wide range of reported
prevalence of varicose veins (<1–73% in females and
<2–56% in males) and CVI (<1–40% in females and
<1–17% in males), likely representative of the differences
of incidence in various populations evaluated [2]. In
2012, results of a worldwide survey of adults seen for any
reason by a general practitioner found overall prevalence
of clinically significant CVD of almost 64% [3]. Varicose
veins affect more than 25 million adults in the United
States with almost 25% affected by more advanced venous
disease [2]. The most significant form of CVI represents
ulceration, with an estimated 0.3% of adults affected in
Western countries and 1.0% with an active or healed
venous ulcer [4]. Venous disease imposes a significant
burden to both patients and the healthcare system. Given
the severity and high prevalence there is significant
reduction in quality of life and absent workdays, and it
is estimated to account for 1–2.5% of total healthcare
budgets in developed countries [5, 6].
Risk factors for development of CVD include older age,
family history, female sex, high estrogen state, multiparity, prior trauma, prolonged standing, obesity, smoking,
prior venous thrombosis, and venous outflow obstruction
(e.g. May–Thurner syndrome) [7–9]. Overall prevalence

appears to be lower in developing countries, possibly
secondary to differences in lifestyle with more frequent
sitting and prolonged standing in developed countries.
Although overall CVD prevalence is higher in females,
including varicose veins, the rate of severe forms of CVD
is higher in males [7, 10].
Similar to the clinical symptoms associated with CVD,
there is a broad spectrum of possible treatment options.
Below will summarize the pathophysiology, signs and
symptoms, classification, and diagnostic evaluation of
patients with venous disease. Utilization of the classification of the presentation of CVD is critical in guiding
appropriate management. Conservative management is
the mainstay of treatment for patients with mild disease and interventions are reserved for those with more
advanced disease.

Pathophysiology of CVD
The peripheral venous system is a complex network of
conduits composed of superficial, deep, and perforator
veins dependent on one-way valves and extrinsic muscle
pumps to return blood back to the heart [11]. Superficial
veins are those veins which are superficial to the deep
muscular fascia while deep veins are those located deep
to the muscle fascia and are either intramuscular or
intermuscular [12]. The perforating veins traverse the
muscular fascial layer and connect the superficial and
deep systems (Figure 21.1).
One-way bicuspid valves are located throughout the
venous system with increasing frequency the more distal
the vein. The valves function to allow for flow toward the
heart while limiting backflow distally in the deep veins
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Figure 21.1 Cross-section of venous anatomy of the lower extremity.

or from deep to superficial within the perforating veins
[13]. Essential to the flow of venous blood when in an
upright position is the muscle pumping mechanism. Calf
muscles are predominantly responsible for the muscle
pump mechanism and allow for flow against gravity.
Venous disease develops when there is disruption in
these processes with resultant development of venous
hypertension.
The predominant mechanism for the development of
CVD is reflux through incompetent valves. A review of
over 1000 cases of patients with venous ulceration found
45% had superficial reflux alone, 12% had deep reflux
alone, and 43% had reflux of both systems [14]. Other
mechanisms include venous outflow obstruction and
failure of the muscle pump, which is usually secondary to
obesity or leg immobility rather than a primary neuromuscular process. Analyses estimate that 70–80% of
CVD is secondary to primary valvular incompetence,
congenital anomaly in 1–3%, and trauma or deep vein
thrombosis in 18–25% [15, 16]. Venous pressure in the
foot is approximately 90 mmHg in patients with normal
and abnormal venous valves. Walking elicits transient
increase in venous pressure; however, with normal valve
function venous pressure will drop to less than 30 mmHg
as the blood volume within the veins decreases. Comparatively, when valves are incompetent the decrease in
venous pressure with muscle activity is blunted [17, 18].
There are suggestions that valve morphology is abnormal in CVD. Fiber optic catheter views of the valves have
found changes such as tearing, thinning, and adhesion
of the leaflets [19]. Vein specimens of patients with CVD
discovered infiltration of the valve leaflets and venous

walls with monocytes and macrophages, which were not
present in control specimens [20]. Patients with CVI
also have fewer valves per unit length than controls [21].
Furthermore, there are structural changes to the vein
wall with increased collagen type I and reduced synthesis
of collagen type III, which may increase weakness and
reduce elasticity of the veins [22]. There is also an elevated level of transforming growth factor and fibroblast
growth factor that may be the underlying mechanism of
hypertrophic changes in the vein wall [23].
Whether the underlying mechanism of CVD is primary valvular/vein wall changes, outflow obstruction,
muscle pump dysfunction or some combination, venous
hypertension of the large veins occurs. Venous hypertension can cause venous dilatation and worsening
valve function, leading to a negative cycle of increased
pressures and further dilatation. These changes in hemodynamics are transmitted to the microcirculation and
lead to venous microangiopathy with dilation and tortuosity of capillary beds, increased collagen deposition,
and eventual endothelial damage and widening of interendothelial spaces with resultant pericapillary edema.
It is the combination of increased venous pressure with
increased permeability that leads to accumulation of fluid
and red blood cells into the interstitial space [24].

Clinical Manifestations
Symptoms
Clinical manifestations of CVI vary by severity. Initially,
it may present as telangiectasia or reticular veins and
advance to more complicated stages such as skin fibrosis

CHAPTER 21 Chronic Venous Disorders

and venous ulceration. The main clinical features of CVI
are leg pain, leg edema, varicose veins, and cutaneous
changes. Various pathogenic mechanisms produce
different clinical manifestations, including incompetent
valves as varicose veins, venous obstruction as leg edema,
and pump dysfunction as either symptom. Varicose veins
are dilated superficial veins that become progressively
more tortuous and large. They are prone to develop
bouts of superficial thrombophlebitis. Edema begins in
the perimalleolar region but later ascends, causing leg
edema with dependent accumulation of fluid. The leg
pain or discomfort is described as heaviness or aching
after prolonged standing and is relieved by elevation
of the leg. Edema produces pain by increasing intracompartmental and subcutaneous volume and pressure.
Venous distention causes tenderness along varicose
veins. Obstruction of the deep venous system may lead
to venous claudication or intense leg cramping with
ambulation. Cutaneous changes include skin hyperpigmentation with hemosiderin deposition and eczematous
dermatitis. Fibrosis also develops in the dermis and
subcutaneous tissue (lipodermatosclerosis). There is an
increased risk of cellulitis, leg ulceration, and delayed
wound healing. Long-standing CVI may also lead to the
development of lymphedema, representing a combined
disease process [25].
Physical Examination
Physical examination involves inspection of the skin for
signs of CVI. Skin changes such as hyperpigmentation,
stasis dermatitis, atrophic blanche (white scarring at the
site of previous ulcerations with a paucity of capillaries),
or lipodermatosclerosis are frequently seen. Varicose
veins follow the path of superficial vein insufficiency
[25]. Tenderness is almost always observed along the
varicose veins. Skin edema is usually pitting, unless
chronic edema has resulted in the skin becoming brawny
and difficult to examine. Venous ulcerations are most
common along the medial supramalleolar area at the site
of a major perforator vein of high hydrostatic pressure.
The classic tourniquet or Trendelenburg test may be
performed at the bedside to help distinguish between
deep and superficial reflux. The test is performed with
the patient lying down to empty the lower extremity
veins. The upright posture is then resumed after applying
a tourniquet or using manual compression at various
levels. In the presence of superficial disease, the varicose veins remain collapsed if compression is distal to
the point of reflux. With deep (or combined) venous
insufficiency, the varicose veins appear despite the use of
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Table 21.1 CEAP clinical classiﬁcation of chronic venous disease.
Category

Severity

Clinical

C0 : No physical exam evidence of CVD
C1 : Telangiectases, reticular veins, dilated
subcutaneous veins (≤3 mm in diameter)
C2 : Varicose veins (>3 mm in diameter)
C3 : Edema without skin changes
C4 : Skin changes secondary to venous
disease (venous eczema,
hyperpigmentation, lipodermatosclerosis,
atrophie blanche)
C5 : Skin changes with healed ulceration

Etiology

C6 : Skin changes with active ulceration
Ec : Congenital
Ep : Primary

Anatomy

ES : Secondary
As : Superﬁcial
AD : Deep veins

Pathophysiology

AP : Perforating
PR : Reﬂux
PO : Obstruction

the tourniquet or manual compression. Although useful
to help determine the distribution of venous insufficiency, this test does not help to determine the extent or
severity of disease or to provide information about the
cause [26].
CEAP Clinical Classiﬁcation
The CEAP (clinical, etiology, anatomy, pathophysiology) classification was the initial module developed
by an international consensus conference to provide
a basis for uniformity in reporting, diagnosing, and
treating CVI (Table 21.1). In 2004, the CEAP revised
consensus refined the class definitions and improved
reproducibility of physician observations (Table 21.1)
[1, 27, 28]. Because of limitations of the CEAP clinical
classification in delineating categories, a venous severity
score was developed to complement the CEAP classification. The venous clinical severity score consists of
10 attributes (pain, varicose veins, venous edema, skin
pigmentation, inflammation, induration, number of
ulcers, duration of ulcers, size of ulcers, and compressive therapy) with four grades (absent, mild, moderate,
severe). The venous anatomic segmental score assigns
a numerical value to segments of the venous system in
the lower extremity that account for both reflux and
obstruction [29, 30].

254

Endovascular Interventions

Diagnosis and Evaluation
Differential Diagnosis
Differential diagnosis of CVD and chronic leg ulcer
includes numerous disease processes. The etiology of
edema is wide ranging and beyond the scope of this
chapter; however, some examples include systemic
conditions such as congestive heart failure, nephrotic
syndrome, and cirrhosis, which most often cause bilateral
edema. Unilateral or bilateral edema can be caused by
lymphedema, acute deep venous thrombosis (DVT),
and cellulitis, among others. The causes of chronic leg
ulcers may be grouped under primarily vascular and
non-vascular causes. The majority of chronic leg ulcers
occur in the lower leg or foot. In non-venous ulcers
localization in the foot area is more frequent. Venous
disease accounts for the majority of leg ulcerations. In
354 leg ulcers, Koerber et al. found 75.25% venous leg
ulcers, 3.66% arterial leg ulcers, 14.66% ulcers of mixed
venous and arterial origin including arteriovenous fistula, and 13.5% vasculitic ulcers [31]. Vasculitis of small
or medium-sized cutaneous blood vessels caused by
infection, drugs, mixed cryoglobulinemia, autoimmune
disorders (e.g. systemic lupus erythematosus, rheumatoid
arthritis, Sjögren syndrome, chronic hemolytic anemia),
malignancies (particularly hematologic malignancies,
rarely epitheliomas) or idiopathic vasculitis may mimic
CVD. Other vascular conditions, such as livedoid vasculopathy, thromboangiitis obliterans, sickle cell disease,
calciphylaxis, and microvascular occlusion with cholesterol or oxalosis emboli, may cause chronic ulcers of
the leg as well [32]. Non-vascular chronic leg ulcer
causes include diabetic neuropathy, drugs (warfarin, heparin), pyoderma gangrenosum, panniculitis, common
skin infections such as staphylococcal, streptococcal or
Pseudomonas aeruginosa, and atypical agents such as
mycobacterial, late-stage syphilis (gummas), deep fungal
infections (e.g. coccidioidomycosis, blastomycosis, histoplasmosis), and protozoal infections (e.g. leishmaniasis).
Non-Invasive Testing

Duplex Imaging
Doppler is an important tool in diagnosing CVI and monitoring therapy. The goal of duplex imaging is to identify
any obstruction or reflux in the deep veins, detect the
presence of deep vein thrombosis, diagnose reflux in the
superficial veins (great saphenous vein, perforator vein,
and small saphenous vein), and localize branch varicose
veins and perforator veins. Low-frequency transducers
(2–3 MHz) are most often used to evaluate the iliac veins

and inferior vena cava (IVC) and high-frequency transducers (5–10 MHz) for the lower extremity veins. Reflux
thresholds are >1 second in deep veins, >0.5 seconds in
superficial veins, and >350 milliseconds for perforator
veins [33, 34]. The most common site for reflux is the
confluence of the greater saphenous vein (GSV) and
common femoral vein, contributing to 65% of all cases
in a review of 2036 patients [35]. However, duplex has a
weak correlation with the severity of the disease. Venous
compressibility complemented with flow characteristics
are key elements in excluding thrombosis. The use of a
cuff inflation deflation method with rapid cuff deflation
in the standing position is preferred to induce reflux [36].

Plethysmography
Photoplethysmography (PPG) may be used to establish a
diagnosis of CVI [35]. Relative changes in blood volume
in the dermis of the limb can be determined by measuring
the backscatter of light emitted from a diode with a photosensor. The venous refill time is the time required for the
PPG tracing to return to 90% of the baseline after cessation of calf contraction. A venous refill time less than
18–20 seconds, depending on the patient’s position during the study, indicates CVI. A venous refill time greater
than 20 seconds suggests normal venous filling. The use
of a tourniquet or low-pressure cuff allows superficial disease to be distinguished from deep venous disease. Refill
time depends on several factors, including the volume of
reflux and the vessel diameter. This technique has been
used to assess emptying of the venous system during calf
muscle contraction and venous outflow. PPG may provide
an assessment of the overall physiologic function of the
venous system, but it is most useful in determining the
absence or presence of disease [37, 38].
Air plethysmography (APG) has the ability to measure
each potential component of the pathophysiologic mechanisms of CVI: reflux, obstruction, and muscle pump
dysfunction. Venous outflow is assessed during rapid
cuff deflation on an elevated limb that has a proximal
venous occlusion cuff applied. The outflow fraction at
one second (or venous outflow at one second expressed
as a percentage of the total venous volume) is the primary
parameter used to evaluate the adequacy of outflow. A
normal venous filling index is less than 2 ml s−1 , whereas
higher levels (>4–7 ml s−1 ) have been found to correlate
with the severity of CVI. Complications of CVI, such
as ulceration, have been shown to correlate with the
severity of reflux assessed with the venous filling index
and ejection capacity [39, 40].
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Computer Tomography and Magnetic Resonance
Venography
This technique is used in identifying rarer and more
complex causes of CVI. Computed tomography is an
important tool in recognizing thromboembolic disease
in the proximal veins, whereas magnetic resonance
venography plays a major role in determining the age
of thrombus. CVI syndromes such as May–Thurner
syndrome, Paget–Schroetter syndrome, nutcracker
syndrome, pelvic congestion syndrome, venous malformations, and atrioventricular malformations can
be diagnosed effectively via these advanced imaging
techniques [41, 42].
Invasive Testing

Contrast Venography
Contrast venography or phlebography is a percutaneous endovascular catheter-based method to assess
the status of the vein or venous system. Presently, it is
a gold standard to diagnose DVT [43]. Conventional
contrast venography is commonly used to evaluate several pathologies including varicose veins before surgery,
chronic deep venous insufficiency, superior/IVC stenosis or atresia, massive pulmonary embolism, iliac vein
stenosis/compression, chronic axillary-subclavian vein
thrombosis, renal vein compression in nutcracker syndrome, arteriovenous fistula, congenital anomalies, and
IVC filter state. Likewise, it is used to identify a graft vein
for cardiopulmonary bypass procedure or dialysis access.
Limitations of contrast venography include requirement
for vascular access, radiation, access site complications,
contrast-induced acute kidney injury, allergic reactions
to contrast, and cost. Regardless, contrast venography is
required for endovascular interventional procedures such
as catheter–directed thrombolysis, suction embolectomy,
vein stenting, IVC filter placement, vein embolization or
coiling [44].

Intravascular Ultrasound
Intravascular ultrasound (IVUS) provides a precise imaging modality for vein lumen and wall structures. There are
two types of IVUS catheters, mechanical and electronic,
which can produce 360∘ ultrasound imaging. Mechanical
IVUS allows imaging of planes distal to the catheter due
to the slightly angled transducer. Once inside the catheter,
the transducer can be moved proximally and distally to
view the designated length vein. The electronic IVUS
system consists of 64 transducer elements in a circular
fashion of the catheter producing a whole IVUS image.
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IVUS frequently is used for major axial vein pathologies,
including extrinsic venous compression, acute thrombus,
chronic thrombus, fibrosis, webs, spurs, trabeculations,
frozen valves, and mural wall thickening. Interestingly,
IVUS can detect fibrous bands, webs, spurs, and trabeculation in recanalized DVT which cannot be visualized
by venography. In external compression of the vein IVUS
can visualize not only a luminal contour and vein shape
but also adjacent structures such as tumors, arterial
aneurysms, and ligaments. May–Thurner syndrome,
whereby the left common iliac vein is compressed against
the sacral promontory by the right iliac artery, leading
to DVT, can be diagnosed with IVUS [3]. The recent
Venogram vs. Intravascular Ultrasound (IVUS) for Diagnosing Iliac Vein Obstruction (VIDIO) (NCT02142062)
clinical trial demonstrated the superiority of IVUS compared to conventional contrast venography at detecting
88% more iliac/common femoral vein lesions. Inferior
cava filter placement can be performed with the use of
IVUS only as a bedside procedure, avoiding radiation
and contrast, especially in renal failure or critically ill
patients [45, 46].

Ambulatory Venous Pressure
Ambulatory venous pressure is the gold standard hemodynamic test to measure the venous circulatory pressure
and efficacy of dorsal musculovenous pump. Due to the
invasive nature of the method, it is mostly restricted
to research applications. Ambulatory venous pressure
testing is used only in patients with clinical evidence of
CVI (CEAP 3–6). It is important to mention that occasionally the pressure needle/catheter cannot be inserted
percutaneously due to extension of the venous disease or
skin changes and surgical access is required. This method
is commonly used to provide any information with reference to each individual component: calf muscle pump,
ejection, and the degree and localization of venous reflux,
and to appreciate venous pressure before and after venous
valve reconstruction procedure. The needle/catheter is
placed into one of the calf veins and connected to a blood
pressure measurement machine. Three measurements are
obtained: standing venous pressure, ambulatory venous
pressure (10 heel raise exercises), and refilling time, which
is the time needed to return to standing pressure from
ambulatory pressure. Normal standing venous pressure is
around 90 mmHg, during the ambulatory phase venous
pressure should drop to 30 mmHg and come back to
90 mmHg in 30–60 seconds in the standing position. If
pressure does not fall normally during the ambulatory
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phase this indicates that muscle pumps are not working
effectively. Rising pressure during exercise suggests deep
vein occlusion. Finally, if ambulatory pressure returns too
quickly (<30 seconds) to standing pressure this indicates
reflux in either the deep or superficial veins due to absent
or damaged valves. Depending on local variations of
arterial inflow, compliance, valve status, and ejection
fraction of venous segment, the pressure and recovery
time will be different in different regions of the venous
vasculature of the limb [47, 48].

Treatment
Conservative Management
Conservative measures are essential to reduce symptoms
caused by CVI and prevent secondary complications
and progression of disease. Behavioral measures such
as elevating the legs to minimize edema and reducing
intra-abdominal pressure should be advocated. The use
of compressive stockings is the mainstay of conservative
management. The Bisgaard regimen has been proposed
for the healing of venous ulcers. This regimen has four
components: patient education, foot elevation, elastic
compression garments, and evaluation subsequently with
CEAP classification. Non-elastic ambulatory below-knee
compression aggressively counters the impact of reflux
from venous pump failure.
Compression therapy is used for venous leg ulcers
and can decrease blood vessel diameter and pressure,
decreasing the severity of reflux [49, 50]. Compression is
also used to decrease release of inflammatory cytokines,
reduce capillary leak, prevent swelling, and delay clotting
by decreasing activation of thrombin and increasing that
of plasmin. Compression is applied using elastic bandages
or boots specifically designed for the purpose. The type
of dressing applied beneath the compression does not
appear to significantly change effectives, and hydrocolloid
has not been shown to be superior to simple low-adherent
dressings. The use of graded elastic compressive stockings (with 20–50 mmHg of tension) is well established
in the treatment of CVI. Treatment with 30–40 mmHg
compression stockings results in significant improvement
in pain, swelling, skin pigmentation, activity, and overall
well-being as long as a compliance of 70–80% is achieved
[51]. In patients with venous ulcers, graded compression
stockings and other compressive bandage modalities are
effective in both healing and preventing recurrences of
ulcers. With a structured regimen of compression therapy,
93% of patients with venous ulcers can achieve complete

healing at a mean of 5.3 months. Compression stockings
have been shown to reduce residual volume fraction,
an indicator of improvement in the calf muscle pump
function, and to reduce reflux in vein segments [52].

Failure of Conservative Therapy
Symptomatic patients who fail conservative therapy
should be followed closely. Further treatment is based on
the results of non-invasive studies and severity of disease,
with CEAP clinical classes 4–6 often requiring invasive
treatment. Referral to a vascular specialist should be
made for patients with CEAP classes 4–6 and probably
for CEAP class 3 with extensive edema. Those patients
with uncorrected advanced CVI are at risk for ulceration,
recurrent ulceration, and non-healing venous ulcers with
progression to infection and lymphedema.

Wound and Skin Care
In those with progressive disease despite conservative
therapy, skin integrity becomes compromised with an
increased risk for infection and ulceration (usually in
CEAP 4 or higher disease). Thus, meticulous skin care
and wound care become essential in the more advanced
forms of the disease process. Cleansing with a mild
soap should be done regularly. Initial skin changes often
include dry skin that can be improved with topical moisturizers to decrease the risk of further breakdown and
maintain an intact skin barrier, including with mineral oil
or petrolatum. Barrier preparations such as petrolatum or
zinc oxide aid in further skin protection. The formation of
stasis dermatitis may occasionally need to be treated with
topical corticosteroids if pruritus becomes significant.
If ulceration does occur, local management in conjunction with compression is required in an attempt to facilitate healing. Ulcer debridement is essential to improve the
formation of healthy granulation tissue. Discomfort can
be improved with use of a topical eutectic mixture of local
anesthetics (EMLA) [53]. There is insufficient evidence to
clearly support the traditionally utilized agent silver sulfadiazine [54]. Though dressings remain a vital component
of ulcer care, no particular material or specific conjunctive
therapies like hydrocolloids, foams, alginates, or hydrogels have been proven superior compared to another
[55, 56]. Biologic skin substitutes and growth factors have
shown conflicting results, with some improving healing
with compression, but with no change in recurrent ulcers
at one year [57, 58]. There is no role for empiric antibiotics and their utilization should be limited to those that
display signs and symptoms suggesting new infection.
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Exercise
Dysfunction of the calf muscle pump plays an important role in the development of CVI, thus it has been
hypothesized that exercise may improve muscle pump
function and venous insufficiency. There is a high rate of
inactivity among patients with CVI [59]. Regular walking
or even simple calf flexion exercises may improve calf
muscle function. Small studies have evaluated the effects
of a structured exercise program in patients with CEAP
classes 4–6 CVI and found that muscle strength improved
after six months; however, there was no change in the
severity of reflux or CVI class [60, 61]. The studies were
limited by small sample size and given the theoretical
benefit, exercise with daily walking is recommended
in conjunction with appropriate medical and surgical
treatments.
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or in conjunction with surgical procedures in the correction of CVI. Sclerotherapy is indicated for a variety
of conditions, including spider veins (<1 mm), venous
lakes, varicose veins of 1–4 mm in diameter, bleeding
varicosities, and small cavernous hemangiomas (vascular
malformation). The terminal interruption of reflux source
technique involves blocking off the veins that drain the
ulcer bed using Sotradecol (sodium tetradecyl sulfate,
STS) or polidocanol foam, administered under ultrasonography guidance (Figure 21.2) [62]. Patients with
CVI need to be evaluated for surgical treatment if they
have a non-healing ulcer refractory to conservative and
minimally invasive therapy resulting in delayed healing,
recurrent varicose veins, CVI with disabling symptoms,
persistent discomfort refractory to other therapy, and
non-compliant patients with conservative therapy, and to
complement therapy with conservative measures.

Interventional Management

Venous Sclerotherapy

Cool-Touch Laser

Venous sclerotherapy is utilized in the obliteration of
telangiectasias, varicose veins, and venous segments with
reflux. Sclerotherapy may be used as a primary treatment

The first procedure to replace ligation and stripping of
the GSV was radiofrequency-mediated thermal ablation
(Figure 21.3). Long-term experience with cool-touch
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Figure 21.2 Endovenous microfoam ablation of superficial lower extremity veins.
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Figure 21.3 Endovenous laser ablation of superficial lower extremity veins.

endovenous laser ablation (EVLA) showed that tissue
water within the vein wall has a specific target chromophore of a 1320-nm laser and the presence or absence
of red blood cells within the vessels is unimportant. Water
is the main component in the walls of a vein and the chromophore for the 1.32-mm or 1320-nm wavelength laser
is water. This wavelength penetrates as deep as 500 mm
in tissue and provides a safety margin by reducing the
risks of penetration of laser energy beyond the vein
wall. For even greater control of energy distribution, the
1320-nm CTEV is coupled with an automatic pullback
device that can retract the fiber at a rate of 0.5, 1, or
2 mm s−1 [63]. Endovenous laser treatments at 810, 940,
and 980 nm are designed to produce endothelial and vein
wall shrinkage by non-specific heating of the vessel [64].
This non-specific heating is accomplished by creating a
superheated coagulum at the fiber tip or by the heating
of hemoglobin within red blood cells to create steam
bubbles at extremely high temperatures. Without the
presence of blood in the vein, such as in an experimental
situation where the vein is filled with saline, laser-induced
vessel wall injury is confined to the site of direct laser
impact. By contrast, blood-filled veins show extensive
thermal damage even in remote areas from the laser fiber,

including the vein wall opposite to the laser impact. In
the absence of blood, the areas of vein wall injury or
burning result in intense post-operative pain and early
recanalization of the treated vein. More importantly,
superheating of hemoglobin leads to high temperatures (often higher than 1200 ∘ C), which results in vein
perforations, hematoma, and post-operative pain [65].

RFA Therapy
Few studies have shown the superiority of radiofrequency
ablation (RFA) compared with EVLA in terms of pain,
bruising, and post-procedure recovery, with comparable
GSV occlusion rates. The Laser and Radiofrequency
Ablation (LARA) study was a randomized control trial
comparing RFA with EVLA of the GSV in 87 leg interventions [66]. In the bilateral group, RFA resulted in significantly less pain than EVLA on days 2–11 after surgery.
RFA also resulted in significantly less bruising than
EVLA on days 3–9. There were no significant differences
in mean post-operative pain, bruising, and activity scores
in the unilateral group. Both RFA and EVLA resulted in
occlusion rates of 95% at 10 days after surgery [67]. The
RECOVERY study randomized 87 veins in 69 patients
to the Closure Femoral Artery Stenting Trial (FAST) or
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980-nm EVLA treatment of the GSV. All scores referable
to pain, ecchymosis, and tenderness were statistically
lower in the Closure FAST group at 48 hours, one week,
and two weeks. Minor complications were more prevalent
in the EVLA group without major complications. Venous
clinical severity scores and quality of life (QOL) measures
were statistically lower in the Closure FAST group at
48 hours, one week, and two weeks. Radiofrequency
thermal ablation was significantly superior to EVLA as
measured by a comprehensive array of post-procedure
recovery and QOL parameters [68]. The EVOLVeS trial
studied the clinical outcomes of rates of recurrent varicosities, neovascularization, ultrasonography changes of
the GSV, and QOL changes in patients undergoing RFA,
ligation, or vein stripping. Two-year clinical results of
radiofrequency obliteration are similar after high ligation
and stripping of the GSV [69].

Non-Thermal Ablation Procedures
Most endovenous ablation techniques are effective
through heating of the vein wall, requiring tumescent
anesthesia, and carry risk of thermal-associated complications, including prolonged pain and burns of the
skin. Alternative techniques have recently been developed that do not require tumescent anesthesia, namely
mechanochemical ablation (MOCA) with the ClariVein
Catheter® (Vascular Insights, Madison, CT). MOCA
comprises a 2.6 Fr single-lumen catheter for infusing
liquid sclerosant, predominantly polidocanol. Additionally, a metal wire with a small ball attached distally
runs through the catheter and rotates at approximately
3000 rpm, causing intimal injury [70]. To perform, an
18-gauge or 3 Fr introducer is inserted into the most
distal aspect of the affected vein. The wire is placed
2 cm from the saphenofemoral junction. The motor is
activated to initiate spinning of the metal wire. A cycle of
spinning, pullback, and delivery of the chosen sclerosant
is performed with a pullback speed of 1.5 mm s−1 . Once
complete, the patient performs several minutes of dorsiflexion to clear sclerosant from the deep veins, followed
by ultrasound-guided venous occlusion. A compression
sock should be worn for 48 hours post-procedure and
then during the daytime for the following two weeks.
Initial study results show excellent early technical
success with minimal discomfort and reasonable success
at one-year follow-up [71]. Rate of recanalization at
36 months is 15% with a clinical success of 83% [72].
However, the Venous Clinical Severity Score was found
to significantly decrease between 12 and 36 months of
follow-up. Currently there are no long-term efficacy data
available. Interim results of a study comparing various
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doses of polidocanol dosage administered with MOCA
found 1% microfoam to be significantly less efficacious
compared to 2% or 3% liquid in rate of occlusion of the
great saphenous vein [73]. There are ongoing randomized
trials comparing MOCA to EVLA (LAMA trial) [74] and
MOCA to radiofrequency ablation (MARADONA trial)
[75], which will evaluate initial and one-year efficacy.
These trials, along with longer term follow-up, are necessary to fully assess the utility of MOCA. Data regarding
use in the small saphenous vein or great saphenous vein
below the knee are limited to case series at this time.
Another recently developed tool that does not require
tumescent anesthesia is cyanoacrylate glue embolization
(CAE). Previously used for management of arteriovenous
malformations or varices in the setting of cirrhosis,
cyanoacrylate is an embolization polymer that can be
delivered to the saphenous or perforator veins with ultrasound guidance. The most distal location of the target
vein is identified with introduction of a 5 Fr sheath and
catheter that is advanced to the saphenofemoral junction.
A sequence of injection of cyanoacrylate glue with compression, followed by 3 cm pullback of the catheter with
repeat injection and compression, is performed until
the length of the entire vein is treated. No compression
socks are required post-procedure. It is not Food and
Drug Administration (FDA) approved for treatment of
perforator veins, but a small study has demonstrated
efficacy [76].
CAE utilizing Variclose® (Biolas Health Inc., Ankara,
Turkey) was compared with EVLA in a prospective trial.
In 310 adults, the operative time was 50% shorter with
lower periprocedural pain. There was a trend toward
improved closure rates at 1, 3, and 12 months follow-up
with carotid endarterectomy (CEA) with rates of 95%
at all time points [77]. In another trial of 222 patients,
CAE (VenaSeal Sapheon Closure System, Sapheon, Inc.,
Morrisville, NC) was compared to radiofrequency ablation and also saw similar clinical follow-up assessment
scores and closure rates, with a trend toward improved
closure rate with cyanoacrylate with 99% at three months
[78]. There was one procedural adverse event in the
CAE group. There were 34 adverse events reported at
three months, but the majority were considered mild with
phlebitis being the most common event and a comparable
rate was seen with RFA.
Polidocanol endovenous injectable foam (PEM)
(Biocompatibles, Inc., West Conshohocken, PA) is a
low-nitrogen microfoam that forms bubbles with a
median diameter of <100 nm to create a cohesive microfoam dispensed from a canister system. Foam properties
are designed to completely fill the lumen of the vein,
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displacing the blood present in the affected vein with
resultant endothelial destruction via the polidocanol.
Utilizing ultrasound guidance, IV access is obtained in
the most proximal portion of the vein. The canister is
activated and injection performed while the patient is
in the Trendelenburg position. Further access sites more
distal in the vein are obtained if multiple injections are
required to adequately treat the length of the vein. Compression is held via pads provided in the kit. Compression
bandages are worn continuously for 48 hours followed by
compression socks 24 hours a day for 14 days. Patients
should avoid prolonged sitting for four weeks. Eventually the solution is diluted and deactivated with release
of the low nitrogen content, CO2 enters into solution,
and residual O2 binds with hemoglobin, suggesting low
likelihood of proximal embolism which has been seen
with formulations utilizing room air. An inflammatory
reaction occurs at the vein of initial injection leading to
fibroblast infiltration with the goal of obliteration of a
patent vein.
PEM has been compared to placebo in randomized
trials and showed improvement in patient-reported
symptoms and physician-assessed clinical venous severity score at eight weeks follow-up [79, 80]. Of the 58
patients who received polidocanol foam 1% and had
one-year follow-up, the clinical improvement appeared
to be durable [80]. In the VANISH-1 study, 9.8% of the
215 patients treated with various concentrations of PEM
developed a DVT. No events concerning for embolization
were reported. There have been no studies comparing
polidocanol injectable foam to alternative ablation therapies. One-hundred and seventeen patients with great
saphenous vein incompetence were randomized to
endovenous thermal ablation with or without PEM with
improved physician-assessed appearance with reduced
need for additional treatment in those who underwent
thermal ablation plus PEM [79]. PEM may be of most use
when attempting to treat veins below lipodermatosclerotic skin, venous ulcerations, or difficult to navigate
veins as the foam travels beyond the injection site.
V-block (VVT Medical LTd, Kfar Saba, Israel) is an
occlusion device that is placed at the saphenofemoral
junction with injection via a dual-syringe system that
allows for simultaneous aspiration of blood and sclerosing agent. The occlusion device is a nitinol filter-like
structure that is covered by a polytetrafluoroethylene
membrane that is designed to prevent migration of foam.
Data is limited at this time though an abstract in 2013
reported 100% occlusion at an average of 4.6 months of
follow-up. Further study is needed to evaluate the efficacy

and safety of leaving a foreign object within the greater
saphenous vein.

Endovenous Deep System Therapy
Endovascular therapy in the treatment of CVI has
become increasingly important to restore outflow of
the venous system and provide relief of obstruction.
Approximately 10–30% of patients with severe CVI can
be diagnosed with a significant abnormality in venous
outflow involving iliac vein segments that contributes to
persistent symptoms. Before endovascular therapy, iliac
vein stenosis and obstruction causing CVI was treated
with surgical procedures such as cross-femoral venous
bypass or iliac vein reconstructions with prosthetic
materials. IVC can also be a source of obstruction and
requires evaluation along with the iliac veins. Because of
the success of venous stenting, surgical venous bypass
is now infrequently performed. Once an obstruction is
localized, often with the assistance of IVUS, pre-dilation
is performed with balloon angioplasty. Depending on the
chronicity and underlying pathology of the obstruction,
serial dilations may be required. Stents are then placed to
improve long-term patency rates.
In a large single-center series of 429 patients with CVI
and outflow obstruction, iliac vein stenting resulted in
significant clinical improvement: 50% of patients were
completely relieved of pain and 33% experienced complete resolution of edema. Furthermore, 55% of patients
with venous ulcers experienced complete healing of their
ulcers. Patency of iliac vein stents is good, with a primary
patency of 75% at three years. In patients with venous
claudication, stenting of the IVC and iliac veins improves
symptoms dramatically. Close follow-up is mandatory
to ensure that stent patency is maintained. Also early
intervention is necessary in patients with recurrent
symptoms that indicate in-stent restenosis, which occurs
in approximately 23% of patients [81, 82].

Chronic Axillary-Subclavian Vein Thrombosis or
Paget–Schroetter Syndrome
The pathogenesis of chronic axillary-subclavian thrombosis is associated with anatomical abnormalities at the
thoracic outlet (cervical rib, congenital bands, hypertrophy of scalenus tendons and abnormal insertion of
the costoclavicular ligament) and repetitive trauma of
the endothelium of the subclavian vein during activity
of the upper extremities. The narrow costoclavicular
space leads to compression and restricted mobility
of the vein, resulting in venous stasis. The repetitive
endothelial trauma leads to intimal hyperplasia, inflammation, and fibrosis, resulting in venous webs, extensive
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collateral formation, and perivenular fibrosis worsening the stasis and costoclavicular crowding. Clinically,
axillary-subclavian thrombosis often involves the dominant arm and presents with swelling and discomfort
of the arm. Other symptoms include heaviness and
rubor of the arm with cyanotic, dilated, and visible veins
across the shoulder and upper arm. The onset is usually
acute or subacute but rarely can present with chronic
symptoms. Complications include pulmonary embolism,
post-thrombotic syndrome, and recurrent thrombosis.
Despite the classic clinical presentation, the diagnosis
of axillary-subclavian thrombosis should be confirmed
initially with compression duplex ultrasonography. More
specific and sensitive tests such as radionucleotide, magnetic resonance, computed tomographic venography
or invasive contrast venography can be utilized as well.
Management of axillary-subclavian thrombosis primarily
includes catheter-directed thrombolysis if DVT is found
in the acute setting and thoracic outlet decompression
(resection of the first rib, division of the scalenus muscles
and the costoclavicular ligament) with or without venoplasty/venous bypass. Early and aggressive treatment
includes optimal surgical strategy to prevent recurrent
thrombosis and patient disability. Long-term anticoagulation is recommended for patients with thrombophilia
and suboptimal surgical results [83].

Surgical Management
Surgical Ligation

Surgical ligation of the GSV has been shown to improve
symptoms in patients with CEAP classes 2–6. GSV
removal with high ligation of the saphenofemoral junction has long been considered the standard treatment
for patients with significant venous reflux, non-healing
ulcers, and symptomatic patients with concomitant deep
venous reflux [84]. Transilluminated power phlebectomy (or TriVex) is a new surgical technique that uses
tumescent dissection, transillumination, and powered
phlebectomy. A prospective randomized controlled trial
of 141 patients comparing conventional versus powered phlebectomy has shown a trend toward reduced
operating time in extensive varicosities and significantly
fewer incisions. There was no difference in nerve injury,
bruising, and cosmetic score during follow-up [85]. The
ESCHAR study evaluated 500 patients with venous ulcer
and reflux of superficial and deep venous systems and
randomized them to either conventional saphenous vein
surgery with compression or to compression alone. The
study showed a significant reduction in ulcer recurrence
at 12 months in favor of surgery with compression compared with compression alone (12% vs. 28%) [86]. A
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follow-up study to observe the improvement in perforating vein incompetence included 261 patients from
the ESCHAR trial. Surgical correction of superficial
reflux was shown to abolish incompetence in some calf
perforators but also facilitated wound healing and reflux
symptoms by preventing development of new perforator
incompetence [87].
Valve Reconstruction Surgery

Venous valve reconstruction of the deep vein valves has
been performed in selected patients with advanced CVI
who have recurrent ulceration with severe and disabling
symptoms [16]. Open valve surgery was initially performed to repair the femoral vein valve but subsequently
transcommissural valvuloplasty was developed for
venous repair. Venous valvuloplasty has been shown to
provide 59% competency and 63% ulcer-free recurrence
at 30 months. Complications from valvuloplasty include
bleeding (as patients need to remain anticoagulated),
DVT, pulmonary embolism, ulcer recurrence, and wound
infections [88]. This procedure is reserved for selected
patients refractory to other therapies. Valve replacements and transposition procedures have been attempted
successfully when native valves have post-thrombotic
valve destruction not amenable to valvuloplasty. Valve
transposition has been performed with the axillary vein
valve, profunda femoris valve, or cryopreserved valve
allografts. Cryopreserved vein valve allografts have also
been shown to have early thrombosis, poor patency, and
competency, as well as high patient morbidity, precluding
their use as a primary intervention [89].
Endoscopic Perforator Surgery

Surgical options proposed for the treatment of incompetent perforators include subfascial endoscopic perforator
surgery (SEPS). This procedure involves ligation of the
incompetent perforator veins by gaining access from a
remote site on the leg away from the treatment area and
free of lipodermatosclerosis or ulcers. The North American Study Group performed a study with 146 patients
showing cumulative ulcer healing at one year of 88%
(median time to healing was 54 days). Ablation of superficial venous reflux combined with lack of deep venous
obstruction predicted ulcer healing (p < 0.05). Clinical
score improved from 8.93 to 3.98 at the last follow-up
(p < 0.0001). Cumulative ulcer recurrence at one year
was 16% and at two years was 28% (standard error
<10%). Post-thrombotic limbs had a higher two-year
cumulative recurrence rate (46%) than did those limbs
with primary valvular incompetence (20%; p < 0.05)
[90]. The interruption of perforators with ablation of
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superficial venous reflux is effective in decreasing the
symptoms of CVI and in earlier healing of ulcers. SEPS
in conjunction with vein ablation showed better ulcer
healing and improvement in clinical severity score [91].

Conclusion
CVD is a prevalent clinical condition associated with a
high degree of morbidity and healthcare costs. Evaluation
for underlying etiology and confirmation of suspected
disease process is warranted with both clinical and
imaging assessment. There are various treatment options
which include both non-invasive conservative management with compression and a wide range of invasive
options in appropriately selected patients. The growing
interventional options allow for flexibility in choosing the
best approach for a patient’s particular venous disease.

References
(Key references in bold)
1 Eklof, B., Rutherford, R.B., Bergan, J.J. et al., American
Venous Forum International Ad Hoc Committee for Revision
of the CC (2004). Revision of the CEAP classification for
chronic venous disorders: consensus statement. J. Vasc. Surg.
40: 1248–1252.
2 Beebe-Dimmer, J.L., Pfeifer, J.R., Engle, J.S., and Schottenfeld, D.
(2005). The epidemiology of chronic venous insufficiency and
varicose veins. Ann. Epidemiol. 15: 175–184.
3 McLafferty, R.B. (2012). The role of intravascular ultrasound in
venous thromboembolism. Sem. Interv. Radiol. 29: 10–15.
4 Fowkes, F.G., Lee, A.J., Evans, C.J. et al. (2001). Lifestyle risk factors for lower limb venous reflux in the general population: Edinburgh vein study. Int. J. Epidemiol. 30: 846–852.
5 Ruckley, C.V., Evans, C.J., Allan, P.L. et al. (2002). Chronic venous
insufficiency: clinical and duplex correlations. The Edinburgh
vein study of venous disorders in the general population. J. Vasc.
Surg. 36: 520–525.
6 Van den Oever, R., Hepp, B., Debbaut, B., and Simon, I. (1998).
Socio-economic impact of chronic venous insufficiency. An
underestimated public health problem. Int. Angiol.: J. Int. Union
Angiol. 17: 161–167.
7 Vlajinac, H.D., Radak, D.J., Marinkovic, J.M., and Maksimovic, M.Z. (2012). Risk factors for chronic venous disease.
Phlebol./Venous Forum Roy. Soc. Med. 27: 416–422.
8 Jawien, A. (2003). The influence of environmental factors in
chronic venous insufficiency. Angiology 54 (Suppl 1): S19–S31.
9 Scott, T.E., LaMorte, W.W., Gorin, D.R., and Menzoian, J.O.
(1995). Risk factors for chronic venous insufficiency: a dual
case-control study. J. Vasc. Surg. 22: 622–628.
10 Makivaara, L.A., Jukkola, T.M., Sisto, T. et al. (2004). Incidence of
varicose veins in Finland. VASA. Zeitschrift fur Gefasskrankheiten
33: 159–163.

11 Caggiati, A., Bergan, J.J., Gloviczki, P. et al. (2002). International
interdisciplinary consensus committee Venous Anatomical Terminology. Nomenclature of the veins of the lower limbs: an international interdisciplinary consensus statement. J. Vasc. Surg. 36:
416–422.
12 Tretbar, L.L. (1995). Deep veins. Dermatologic. Surg. 21: 47–51.
13 Lurie, F., Kistner, R.L., Eklof, B., and Kessler, D. (2003). Mechanism of venous valve closure and role of the valve in circulation:
a new concept. J. Vasc. Surg. 38: 955–961.
14 Tassiopoulos, A.K., Golts, E., Oh, D.S., and Labropoulos, N.
(2000). Current concepts in chronic venous ulceration. Eur. J.
Vasc. Endovasc. Surg. 20: 227–232.
15 Labropoulos, N., Leon, M., Nicolaides, A.N. et al. (1994).
Superficial venous insufficiency: correlation of anatomic
extent of reflux with clinical symptoms and signs. J. Vasc. Surg.
20: 953–958.
16 Kistner, R.L., Eklof, B., and Masuda, E.M. (1995). Deep venous
valve reconstruction. Cardiovasc. Surg. 3: 129–140.
17 Bergan, J.J., Schmid-Schonbein, G.W., Smith, P.D. et al. (2006).
Chronic venous disease. N. Engl. J. Med. 355: 488–498.
18 Coleridge Smith, P.D. (1997). The microcirculation in venous
hypertension. Vasc. Med. 2: 203–213.
19 Van Cleef, J.F. (1993). A vein has a preferential axis of flattening.
J. Dermatol. Surg. Oncol. 19: 468–470.
20 Ono, T., Bergan, J.J., Schmid-Schonbein, G.W., and Takase, S.
(1998). Monocyte infiltration into venous valves. J. Vasc. Surg.
27: 158–166.
21 Sales, C.M., Rosenthal, D., Petrillo, K.A. et al. (1998). The valvular
apparatus in venous insufficiency: a problem of quantity? Ann.
Vasc. Surg. 12: 153–155.
22 Sansilvestri-Morel, P., Rupin, A., Badier-Commander, C. et al.
(2001). Imbalance in the synthesis of collagen type I and collagen
type III in smooth muscle cells derived from human varicose
veins. J. Vasc. Res. 38: 560–568.
23 Badier-Commander, C., Verbeuren, T., Lebard, C. et al. (2000).
Increased TIMP/MMP ratio in varicose veins: a possible explanation for extracellular matrix accumulation. J. Pathol. 192:
105–112.
24 Pappas, P.J., DeFouw, D.O., Venezio, L.M. et al. (1997). Morphometric assessment of the dermal microcirculation in patients with
chronic venous insufficiency. J. Vasc. Surg. 26: 784–795.
25 Eberhardt, R.T. and Raffetto, J.D. (2005). Chronic venous insufficiency. Circulation 111: 2398–2409.
26 Adam, D.J., Evans, S.M., Webb, D.J., and Bradbury, A.W. (2001).
Plasma endothelin levels and outcome in patients undergoing
repair of ruptured infrarenal abdominal aortic aneurysm. J. Vasc.
Surg. 33: 1242–1246.
27 Porter, J.M. and Moneta, G.L. (1995). Reporting standards in
venous disease: an update. International consensus committee
on chronic venous disease. J. Vasc. Surg. 21: 635–645.
28 Carpentier, P.H., Cornu-Thenard, A., Uhl, J.F. et al., Societe
Francaise de Medecine V, European Working Group on the
Clinical Characterization of Venous Disorders (2003). Appraisal
of the information content of the C classes of CEAP clini-

CHAPTER 21 Chronic Venous Disorders

29

30

31
32
33

34

35

36

37

38

39

40

41

42
43

cal classification of chronic venous disorders: a multicenter
evaluation of 872 patients. J. Vasc. Surg. 37: 827–833.
Rutherford, R.B., Padberg, F.T. Jr., Comerota, A.J. et al. (2000).
Venous severity scoring: an adjunct to venous outcome assessment. J. Vasc. Surg. 31: 1307–1312.
Vasquez, M.A., Rabe, E., McLafferty, R.B. et al., American
Venous Forum Ad Hoc Outcomes Working Group (2010).
Revision of the venous clinical severity score: venous outcomes
consensus statement: special communication of the American
Venous Forum Ad Hoc Outcomes Working Group. J. Vasc.
Surg. 52: 1387–1396.
Pannier, F. and Rabe, E. (2013). Differential diagnosis of leg
ulcers. Phlebol./Venous Forum Roy. Soc. Med. 28 (Suppl 1): 55–60.
Hines, E.A. Jr. (1963). The differential diagnosis of chronic ulcer
of the leg. Circulation 27: 989–996.
van Bemmelen, P.S., Bedford, G., Beach, K., and Strandness,
D.E. (1989). Quantitative segmental evaluation of venous valvular reflux with duplex ultrasound scanning. J. Vasc. Surg. 10:
425–431.
Malgor, R.D. and Labropoulos, N. (2013). Diagnosis of venous
disease with duplex ultrasound. Phlebol./Venous Forum Roy.
Soc. Med. 28 (Suppl 1): 158–161.
Garcia-Gimeno, M., Rodriguez-Camarero, S., Tagarro-Villalba,
S. et al. (2009). Duplex mapping of 2036 primary varicose veins.
J. Vasc. Surg. 49: 681–689.
Markel, A., Meissner, M.H., Manzo, R.A. et al. (1994). A comparison of the cuff deflation method with valsalva’s maneuver and
limb compression in detecting venous valvular reflux. Arch. Surg.
129: 701–705.
Nicolaides, A.N., Cardiovascular Disease Educational and
Research Trust, European Society of Vascular Surgery, The International Angiology Scientific Activity Congress Organization,
International Union of Angiology, Union Internationale de Phlebologie at the Abbaye des Vaux de Cernay (2000). Investigation
of chronic venous insufficiency: a consensus statement (France,
March 5–9, 1997). Circulation 102: E126–E163.
Abramowitz, H.B., Queral, L.A., Finn, W.R. et al. (1979). The use
of photoplethysmography in the assessment of venous insufficiency: a comparison to venous pressure measurements. Surgery
86: 434–441.
Owens, L.V., Farber, M.A., Young, M.L. et al. (2000). The value
of air plethysmography in predicting clinical outcome after surgical treatment of chronic venous insufficiency. J. Vasc. Surg. 32:
961–968.
Gillespie, D.L., Cordts, P.R., Hartono, C. et al. (1992). The role of
air plethysmography in monitoring results of venous surgery. J.
Vasc. Surg. 16: 674–678.
Meissner, M.H., Moneta, G., Burnand, K. et al. (2007). The hemodynamics and diagnosis of venous disease. J. Vasc. Surg. 46 (Suppl
S): 4S–24S.
Davies, M.G. and Lumsden, A.B. (eds.) (2011). Chronic Venous
Insufficiency. Cardiotext.
Alhassan, S., Leap, J., Popuri, A. et al. (2017). Diagnostic considerations of venous thromboembolic disease. Crit. Care Nurs. Quart.
40: 210–218.

263

44 Loud, P.A., Katz, D.S., Belfi, L., and Grossman, Z.D. (2005).
Imaging of deep venous thrombosis in suspected pulmonary
embolism. Sem. Roentgenol. 40: 33–40.
45 Wellons, E.D., Matsuura, J.H., Shuler, F.W. et al. (2003). Bedside
intravascular ultrasound-guided vena cava filter placement. J.
Vasc. Surg. 38: 455–457; discussion 457–458.
46 Abusedera, M.A., Cho, K., and Williams, D.M. (2015). Bedside
interavascular ultrasound-guided inferior vena cava filter placement in medical-surgical intensive care critically-ill patients.
Egypt. J. Radiol. Nucl. Med. 46: 659–664.
47 Neglen, P. and Raju, S. (2000). Ambulatory venous pressure revisited. J. Vasc. Surg. 31: 1206–1213.
48 Hosoi, Y., Zukowski, A., Kakkos, S.K., and Nicolaides, A.N.
(2002). Ambulatory venous pressure measurements: new parameters derived from a mathematic hemodynamic model. J. Vasc.
Surg. 36: 137–142.
49 van Gent, W.B., Wilschut, E.D., and Wittens, C. (2010). Management of venous ulcer disease. BMJ 341: c6045.
50 Motykie, G.D., Caprini, J.A., Arcelus, J.I. et al. (1999). Evaluation
of therapeutic compression stockings in the treatment of chronic
venous insufficiency. Dermatol. Surg. 25: 116–120.
51 Mayberry, J.C., Moneta, G.L., Taylor, L.M. Jr., and Porter, J.M.
(1991). Fifteen-year results of ambulatory compression therapy
for chronic venous ulcers. Surgery 109: 575–581.
52 Ibegbuna, V., Delis, K.T., Nicolaides, A.N., and Aina, O. (2003).
Effect of elastic compression stockings on venous hemodynamics
during walking. J. Vasc. Surg. 37: 420–425.
53 Briggs, M., Nelson, E.A., and Martyn-St James, M. (2012). Topical agents or dressings for pain in venous leg ulcers. Cochrane
Database of Systematic Reviews 11: CD001177.
54 Miller, A.C., Rashid, R.M., Falzon, L. et al. (2012). Silver sulfadiazine for the treatment of partial-thickness burns and venous
stasis ulcers. J. Am. Acad. Dermatol. 66: e159–e165.
55 O’Donnell, T.F. Jr., Passman, M.A., Marston, W.A. et al.,
Society for Vascular Surgery (R), American Venous Forum
(2014). Management of venous leg ulcers: clinical practice
guidelines of the Society for Vascular Surgery (R) and the
American Venous Forum. J. Vasc. Surg. 60: 3S–59S.
56 O’Meara, S., Cullum, N., Nelson, E.A., and Dumville, J.C. (2012).
Compression for venous leg ulcers. Cochrane Database of Systematic Reviews 11: CD000265.
57 Falanga, V., Eaglstein, W.H., Bucalo, B. et al. (1992). Topical use of
human recombinant epidermal growth factor (h-EGF) in venous
ulcers. J. Dermatol. Surg. Oncol. 18: 604–606.
58 Mostow, E.N., Haraway, G.D., Dalsing, M. et al., Group OVUS
(2005). Effectiveness of an extracellular matrix graft (oasis wound
matrix) in the treatment of chronic leg ulcers: a randomized clinical trial. J. Vasc. Surg. 41: 837–843.
59 Heinen, M.M., van der Vleuten, C., de Rooij, M.J. et al.
(2007). Physical activity and adherence to compression therapy in patients with venous leg ulcers. Arch. Dermatol. 143:
1283–1288.

264

Endovascular Interventions

60 Padberg, F.T. Jr., Johnston, M.V., and Sisto, S.A. (2004). Structured
exercise improves calf muscle pump function in chronic venous
insufficiency: a randomized trial. J. Vasc. Surg. 39: 79–87.
61 Kan, Y.M. and Delis, K.T. (2001). Hemodynamic effects of supervised calf muscle exercise in patients with venous leg ulceration:
a prospective controlled study. Arch. Surg. 136: 1364–1369.
62 Bush, R.G. (2010). New technique to heal venous ulcers: terminal interruption of the reflux source (TIRS). Persp. Vasc. Surg.
Endovasc. Ther. 22: 194–199.
63 Goldman, M.P., Mauricio, M., and Rao, J. (2004). Intravascular
1320-nm laser closure of the great saphenous vein: a 6- to
12-month follow-up study. Dermatol. Surg. 30: 1380–1385.
64 Weiss, R.A. (2002). Comparison of endovenous radiofrequency
versus 810 nm diode laser occlusion of large veins in an animal
model. Dermatol. Surg. 28: 56–61.
65 Proebstle, T.M., Sandhofer, M., Kargl, A. et al. (2002). Thermal
damage of the inner vein wall during endovenous laser treatment:
key role of energy absorption by intravascular blood. Dermatol.
Surg. 28: 596–600.
66 Goode, S.D., Chowdhury, A., Crockett, M. et al. (2010). Laser and
radiofrequency ablation study (LARA study): a randomised study
comparing radiofrequency ablation and endovenous laser ablation (810 nm). Eur. J. Vasc. Endovasc. Surg. 40: 246–253.
67 Nordon, I.M., Hinchliffe, R.J., Brar, R. et al. (2011). A prospective
double-blind randomized controlled trial of radiofrequency versus laser treatment of the great saphenous vein in patients with
varicose veins. Ann. Surg. 254: 876–881.
68 Lurie, F., Creton, D., Eklof, B. et al. (2003). Prospective randomized study of endovenous radiofrequency obliteration (closure
procedure) versus ligation and stripping in a selected patient
population (EVOLVeS study). J. Vasc. Surg. 38: 207–214.
69 Almeida, J.I., Kaufman, J., Gockeritz, O. et al. (2009). Radiofrequency endovenous closurefast versus laser ablation for the
treatment of great saphenous reflux: a multicenter, single-blinded,
randomized study (recovery study). J. Vasc. Interv. Radiol. 20:
752–759.
70 Boersma, D., van Eekeren, R.R., Werson, D.A. et al. (2013).
Mechanochemical endovenous ablation of small saphenous vein
insufficiency using the ClariVein device: one-year results of a
prospective series. Eur. J. Vasc. Endovasc. Surg. 45: 299–303.
71 Tang, T.Y., Kam, J.W., and Gaunt, M.E. (2017). ClariVein – early
results from a large single-centre series of mechanochemical
endovenous ablation for varicose veins. Phlebol./Venous Forum
Roy. Soc. Med. 32: 6–12.
72 Witte, M.E., Zeebregts, C.J., de Borst, G.J. et al. (2017).
Mechanochemical endovenous ablation of saphenous veins
using the ClariVein: a systematic review. Phlebol./Venous Forum
Roy. Soc. Med. 268355517702068.
73 Lam, Y.L., Toonder, I.M., and Wittens, C.H. (2016). ClariVein( )
mechano-chemical ablation: an interim analysis of a randomized
controlled trial dose-finding study. Phlebol./Venous Forum Roy.
Soc. Med. 31: 170–176.

®

®

®

74 Leung, C.C., Carradice, D., Wallace, T., and Chetter, I.C.
(2016). Endovenous laser ablation versus mechanochemical
ablation with ClariVein( ) in the management of superficial venous insufficiency (LAMA trial): study protocol for a
randomised controlled trial. Trials 17: 421.
75 van Eekeren, R.R., Boersma, D., Holewijn, S. et al. (2014).
Mechanochemical endovenous ablation versus radiofrequency
ablation in the treatment of primary great saphenous vein
incompetence (MARADONA): study protocol for a randomized
controlled trial. Trials 15: 121.
76 Toonder, I.M., Lam, Y.L., Lawson, J., and Wittens, C.H. (2014).
Cyanoacrylate adhesive perforator embolization (CAPE) of
incompetent perforating veins of the leg, a feasibility study.
Phlebol./Venous Forum Roy. Soc. Med. 29: 49–54.
77 Bozkurt, A.K. and Yilmaz, M.F. (2016). A prospective comparison
of a new cyanoacrylate glue and laser ablation for the treatment
of venous insufficiency. Phlebol./Venous Forum Roy. Soc. Med. 31:
106–113.
78 Morrison, N., Gibson, K., McEnroe, S. et al. (2015). Randomized
trial comparing cyanoacrylate embolization and radiofrequency
ablation for incompetent great saphenous veins (VECLOSE).
J. Vasc. Surg. 61: 985–994.
79 King, J.T., O’Byrne, M., Vasquez, M., and Wright, D., VANISH-I
Investigator Group (2015). Treatment of truncal incompetence and varicose veins with a single administration of a new
polidocanol endovenous microfoam preparation improves
symptoms and appearance. Eur. J. Vasc. Endovasc. Surg. 50:
784–793.
80 Todd, K.L. 3rd and Wright, D.I., VANISH-I Investigator Group
(2015). Durability of treatment effect with polidocanol endovenous microfoam on varicose vein symptoms and appearance
(VANISH-2). J. Vasc. Surg. Venous Lymphatic Disorders 3:
258–264. e251.
81 Danza, R., Navarro, T., and Baldizan, J. (1991). Reconstructive
surgery in chronic venous obstruction of the lower limbs. J. Cardiovasc. Surg. 32: 98–103.
82 Neglen, P. and Raju, S. (2002). Intravascular ultrasound scan evaluation of the obstructed vein. J. Vasc. Surg. 35: 694–700.
83 Alla, V.M., Natarajan, N., Kaushik, M. et al. (2010). PagetSchroetter syndrome: review of pathogenesis and treatment of
effort thrombosis. Western J. Emerg. Med. 11: 358–362.
84 Sarin, S., Scurr, J.H., and Coleridge Smith, P.D. (1994). Stripping
of the long saphenous vein in the treatment of primary varicose
veins. Br. J. Surg. 81: 1455–1458.
85 Aremu, M.A., Mahendran, B., Butcher, W. et al. (2004). Prospective randomized controlled trial: conventional versus powered
phlebectomy. J. Vasc. Surg. 39: 88–94.
86 Barwell, J.R., Davies, C.E., Deacon, J. et al. (2004). Comparison
of surgery and compression with compression alone in chronic
venous ulceration (ESCHAR study): randomised controlled trial.
Lancet 363: 1854–1859.
87 Gohel, M.S., Barwell, J.R., Wakely, C. et al. (2005). The influence
of superficial venous surgery and compression on incompetent

®

CHAPTER 21 Chronic Venous Disorders

calf perforators in chronic venous leg ulceration. Eur. J. Vasc.
Endovasc. Surg. 29: 78–82.
88 Raju, S., Berry, M.A., and Neglen, P. (2000). Transcommissural
valvuloplasty: technique and results. J. Vasc. Surg. 32: 969–976.
89 Neglen, P. and Raju, S. (2003). Venous reflux repair with cryopreserved vein valves. J. Vasc. Surg. 37: 552–557.
90 Gloviczki, P., Bergan, J.J., Rhodes, J.M. et al. (1999). Mid-term
results of endoscopic perforator vein interruption for chronic

265

venous insufficiency: lessons learned from the North American
subfascial endoscopic perforator surgery registry. The North
American Study Group. J. Vasc. Surg. 29: 489–502.
91 Bianchi, C., Ballard, J.L., Abou-Zamzam, A.M., and Teruya, T.H.
(2003). Subfascial endoscopic perforator vein surgery combined
with saphenous vein ablation: results and critical analysis. J. Vasc.
Surg. 38: 67–71.

CHAPTER 22

Endovascular Treatment of Pulmonary
Embolism
Ian Del Conde1,2 and Barry T. Katzen2
1
2

Morsani College of Medicine, University of South Florida
Miami Cardiac & Vascular Institute, Miami, FL, USA

Introduction
Pulmonary embolism (PE) presents in a continuum of
severity that spans from incidentally discovered subsegmental PE to central or saddle PE that causes cardiogenic
shock and sudden death. The cause of death in patients
with acute PE is right ventricular (RV) failure and cardiogenic shock. The treatment goal in unstable patients is
therefore rapid recanalization of the pulmonary arteries.
There are two main categories that must be examined
when identifying patients who may benefit from revascularization in acute PE: (i) those who are at increased
risk of death without thrombolysis and (ii) those that are
at increased risk of developing chronic thromboembolic
pulmonary hypertension (CTEPH) without prompt
revascularization. Whereas there have been tangible
advances in the early risk-stratification of patients with
acute PE, at present there are no well-established criteria
for identifying patients at risk of developing CTEPH.
Although systemic thrombolysis has been the main
treatment strategy for high-risk acute PE, it has important
disadvantages. The only Food and Drug Administration
(FDA)-approved thrombolytic regimen for the treatment
of PE consists of a two-hour infusion of recombinant
tissue plasminogen activator (r-tPA; alteplase), which
may be too long a wait in a patient who is hemodynamically unstable. Furthermore, enzymatic degradation of
the thrombus by the fibrinolytic drug may take hours to
result in any meaningful decrease in thrombotic burden.
Lastly, contraindications to thrombolysis are common
(Table 22.1). In a real-world registry of more than 1000
patients with PE, up to 50% had at least one contraindication to thrombolytic therapy [1]. Catheter-delivered

Table 22.1 Contraindications to systemic thrombolysis.
Absolute

Relative

Any intracranial hemorrhage
TIA in the preceding six months
Known intracranial lesions that Oral anticoagulation
Pregnancy or ﬁrst
predispose to bleeding (e.g.
malignancy, aneurysms, or
arteriovenous malformations)
Ischemic stroke in the previous

postpartum week
Non-compressible puncture
sites

three months
Major trauma or surgery in the
preceding three weeks

Traumatic resuscitation
Uncontrolled hypertension
(SBP > 180 mmHg)

Active bleeding

Advanced liver disease
Age > 75 years
Infective endocarditis
Active peptic ulcer

therapies have emerged as attractive options for patients
with high-risk PE at risk of adverse outcomes.

Patient Selection
Deﬁnitions
Risk stratification of patients with acute PE is important
because it helps guide which patients may benefit from
revascularization, regardless if it is done pharmacologically with systemic thrombolysis, through interventional
therapies, and even with surgical embolectomy. Massive
PE refers to PE that results in persistent hypotension
(usually systolic blood pressure (SBP) < 90 mmHg for
over 15 minutes), vasopressor requirement, or profound
bradycardia (heart rate < 40 bpm) [2]. The short-term
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(a)

(b)

Figure 22.1 Pulmonary embolism chest CTA showing (a) large bilateral emboli in the main pulmonary arteries and (b) RV dilatation, as
evidenced by increased RV : LV ratio.

mortality in these patients can be as high as 50–65%. The
only attempt at performing a randomized control trial
looking at thrombolysis in massive PE came from a study
that enrolled patients with acute PE with hypotension or
acute heart failure. Patients were randomized to anticoagulation or thrombolysis and anticoagulation. The trial
was stopped after the first eight patients were enrolled:
all four patients in the anticoagulation alone group died,
whereas all four patients in the thrombolysis group
survived [3]. Subsequently, a meta-analysis of five trials
suggested that systemic thrombolytic therapy in patients
with massive PE was associated with a 55% reduction
in the risk of death or recurrent PE compared to heparin alone (9.4% vs. 19.0%; odds ratio 0.45) [4]. These
results are consistent with the premise that pulmonary
artery recanalization is critical in patients with large
acute PEs.
Submassive PE is diagnosed in patients with acute PE
who have a normal blood pressure, but who have evidence
of RV dysfunction, usually determined by (i) echocardiography showing RV dilatation and hypokinesis, (ii)
computed tomography (CT) imaging demonstrating
an RV : LV diameter ratio greater than 0.9, or (iii) by
elevated plasma levels of brain natriuretic peptide (BNP)
or N-terminal pro-BNP (NT-ProBNP) (Figure 22.1).
Patients with acute PE who have significantly elevated
cardiac biomarkers of necrosis (troponin T and I) are
also considered to have submassive PE [5] (Table 22.2).
In contrast to massive PE, patients with submassive
PE have much lower mortality rates (2–3% in-hospital
mortality) [5, 6]. Nevertheless, when compared to
patients with low-risk PE, those with submassive PE
have a significantly increased risk of adverse clinical
outcomes. In patients with submassive PE, systemic
thrombolytic therapy decreases the rate of escalation
of therapy due to clinical deterioration [6], improves
pulmonary arterial hypertension [7], and decreases the

Table 22.2 Criteria for establishing RV dysfunction.
RV dilation (apical four-chamber RV diameter divided by LV
diameter > 0.9) or RV systolic dysfunction on echocardiography
RV dilation (four-chamber RV diameter divided by LV
diameter > 0.9) on CT
Elevation of BNP (>90 pg ml−1 )
Elevation of N-terminal pro-BNP (>500 pg ml−1 ); or
Electrocardiographic changes (new complete or incomplete right
bundle-branch block, anteroseptal ST elevation or depression,
or anteroseptal T-wave inversion)
Myocardial necrosis is deﬁned as either of the following:
Elevation of troponin I (>0.4 ng ml−1 ) or
Elevation of troponin T (>0.1 ng ml−1 )

rate of the combined outcome of death from any cause or
circulatory collapse by 56% compared to heparin alone
[8]. The cost, however, of systemic thrombolysis was an
increase in the rate of life-threatening bleeding, especially
in patients older than 75 years. Further data confirming the notion that revascularization of the pulmonary
arteries in patients with submassive PE leads to improved
outcomes comes from the PEITHO trial. Patients with
submassive PE were randomized to systemic thrombolysis with tenecteplase or placebo, on top of standard
anticoagulation. Patients who received thrombolysis had
a 66% reduction in the risk of death or hemodynamic
decompensation within seven days after randomization
[9].

Catheter-Based Interventions
To date there has been limited dissemination of
catheter-based interventions for PE partly due to the
lack of prospective randomized controlled clinical trials
that demonstrate their efficacy and safety. Although there
are several catheter-based techniques that have been used
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Table 22.3 ACCP and AHA recommendations for catheter-based interventions.a
ACCP

AHA

Patients with acute massive PE who have:

Patients with acute massive PE who have:

• contraindications to systemic thrombolysis

• contraindications to systemic thrombolysis

• failed thrombolysis
• shock that is likely to cause death before systemic
thrombolysis can take effect (e.g. within hours)

• failed thrombolysis
• shock that is likely to cause death before systemic thrombolysis can take effect (e.g. within hours)

Strength or recommendation: Grade 2C

Strength or recommendation: class IIa, level of evidence C
• Patients with submassive acute PE judged to have clinical
evidence of adverse prognosis (e.g. worsening respiratory
status, hemodynamic instability, severe RV dysfunction, or
major myocardial necrosis)
Strength or recommendation: class IIb, level of evidence C

In the ACCP grading system, level 2 represents a weak recommendation; C implies a low level of evidence. In the AHA system,
a class IIa recommendation implies that the beneﬁt of the intervention is signiﬁcantly greater than its associated risks. A class IIb
recommendation implies that the beneﬁts are equal to or slightly greater than the associated risks. Level of evidence C means that
the strength of recommendations is weak (e.g. consensus opinion of experts rather than from randomized controlled trials).
a Provided appropriate expertise and resources are available.

in the treatment of patients with acute high-risk PE, at
present the only device approved by the United States
FDA for this indication is the EkoSonic Endovascular
System (EKOS) catheter (see below).
Most of the available data for catheter-delivered therapies for PE derive from small case series. Based on the
low quality of data, the current American College of Chest
Physicians (ACCPs) [10] and the American Heart Association (AHA) [11] guidelines give weak recommendations
for the interventional treatment of acute PE (Table 22.3).
Generally, these guidelines support interventional therapies in patients with massive acute PE or high-risk submassive PE in whom systemic thrombolysis is contraindicated or has failed.
Contemporary catheter-based treatment of acute PE
offers significant versatility that can be advantageous for
tailoring therapy to an individual patient. Techniques can
be based primarily on mechanical removal, aspiration,
or fragmentation of the thrombus or a hybrid approach
(termed pharmacomechanical therapy) that combines
a mechanical approach with local thrombolysis. The
mechanical component allows rapid recanalization of
the pulmonary artery and increases exposure of the
thrombus to the fibrinolytic agent. The pharmacologic
component allows a steady reduction in thrombus
burden via a longer, catheter-delivered infusion of a
fibrinolytic agent at a dose that is typically lower than
used in systemic thrombolysis. An important principle
is that in contrast to catheter-directed thrombectomy

in other vascular territories (e.g. coronary arteries,
lower extremities, or vascular grafts), interventional
treatment of PE should be aimed at improving hemodynamic status rather than obtaining optimal angiographic
results.
Ultrasound-Assisted Thrombolysis
The EKOS (EKOS Corporation, Bothwell, WA)
(Figure 22.2) is the only FDA-approved device for the
treatment of patients with acute PE. The device consists
of two endovascular devices: an intelligent drug delivery
catheter (IDDC), which is a 5.2 Fr multi-lumen infusion
catheter, and a microsonic device (MSD) containing
several evenly-spaced ultrasound transducers positioned along the treatment zone. The Ekosonic device
is capable of simultaneously infusing a fibrinolytic drug
within the pulmonary artery, and of emitting low-power,
high-frequency (2.2 MHz) ultrasound that “loosens” the
thrombus, increasing penetration of the fibrinolytic drug
into the thrombus, and accelerates thrombolysis. Most of
the currently available data for this device derive from
small case series that suggest the safety and effectiveness
of this device. In an early study by Engerlhardt and
colleagues, 24 patients with acute PE were treated with
EKOS and two different doses of tissue plasminogen activator (tPA). One group of patients received higher doses
of tPA (average tPA dose of 45 mg) and a second group
received a lower dose (average tPA dose of 20 mg). The
investigators found a significant decrease in RV/LV ratio
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duration was 24 hours. The tota dose of tPA administered was therefore comparable in patients treated with
unilateral or bilateral catheters. Similar to what was
seen in ULTIMA, there was a significant decrease in
RV/LV ratio (preprocedure RV:LV ratio = 1.55 vs 1.13;
p < 0.0001) and pulmonary pressures (preprocedure
mean PA systolic pressure = 51 vs. 37 mmHg; p < 0.0001)
at 48 hours in patients treated with EKOS. The rate of
major bleeding complications was very low, under 1%,
with no cases of intracranial hemorrhage.

Figure 22.2 EkoSonic endovascular system. The microsonic device

(right) is inserted into the multi-lumen intelligent drug delivery
catheter (left). With this system, ultrasound energy is emitted while
r-tPA is infused.

as well as the degree of thrombus. Bleeding complications
were more common in the higher dose group, but
the effectiveness of the procedure was similar in both
groups.
The ULTIMA trial was a randomized prospective
study that compared anticoagulation alone (n = 29)
versus EKOS thrombolysis (n = 30) in patients with
submassive PE. The groups were well matched. The
dose of tPA used in patients treated with EKOS was
approximately 12 mg if the catheter was unilateral, and
20 mg of tPA if bilateral catheters were used. In this
study, there was a greater reduction in both the RV/LV
ratio and pulmonary pressures in the EKOS group at 24
hours compared to patients treated with anticoagulation
alone. There were no intracranial bleeds and the bleeding
complications were comparable to those seen in patients
treated with the anticoagulation alone.
The SEATTLE II study was a prospective, single-arm
trial. One hundred and fifty patients with submassive
(120/180 patients) or massive (30/150 patients) PE were
enrolled. The tPA dose used in this study was fixed: 1 mg
per hour through either unilateral or bilateral EKOS
catheters. However, if bilateral catheters were used the
duration of the tPA infusion was limited to 12 hours,
whereas if bilateral catheters were usedl the infusion

Catheter-Directed Thrombolysis
Catheter-directed thrombolysis (CDT) alone is rarely
used in current practice since it does not appear to offer
any meaningful advantages to systemic thrombolysis [12].
Instead, CDT is usually coupled with mechanical fragmentation of the thrombus. In CDT a thrombolytic agent
is delivered directly into the thrombus or affected pulmonary artery via a multiholed infusion catheter. r-tPA is
administered as a bolus (usually 10–25 mg) followed by
a continuous infusion. Although there are no standardized infusion protocols, some investigators have used
high-dose regimens (e.g. 20 mg per hour over two hours)
as well as lower-dose regimens (1–2 mg per hour over a
period of 12–18 hours). Therapeutic anticoagulation is
generally held during thrombolysis to avoid an increase
in the risk of bleeding complications. A subtherapeutic
dose of heparin (300–500 u per hour, sometimes referred
to as “mini heparin”) may be administered through the
sidearm of the sheath during thrombolysis. Full-dose
anticoagulation is usually resumed within one hour of
completion of thrombolysis.
Rheolytic Thrombectomy (AngioJet)
The AngioJet device (Medrad Interventional, PA) consists
of a double-lumen catheter that generates high-pressure
saline jets at the catheter tip, creating a vacuum that
allows thrombus aspiration. There are numerous reports
of the development of severe bradyarrhythmias (including high-degree arteriovenous [AV] block and asystole)
and death developing within seconds of activating the
system [13, 14]. These concerns have prompted the FDA
to issue a black-box warning regarding intrapulmonary
interventions with the AngioJet system.
Rotatable Pigtail Catheter
In this technique, a high-torque 5 Fr pigtail catheter is
advanced over the wire and wedged within the thrombus. The catheter has a radiopaque tip, 10 side holes,
and an oval side hole in the outer tangential plane of
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Suction Systems
A significant number of patients with high-risk PE may
not be suitable candidates for fibrinolysis (systemic or
catheter-delivered). These patients may be considered
for purely mechanical thrombectomy (or embolectomy).
Several suction systems are actively being studied in these
scenarios.
Aspiration or Vacuum-Assisted Thrombectomy
The Penumbra Indigo system is FDA 501(k) approved for
the removal of thrombi or emboli in the peripheral vasculature. Although its use has mainly focused on cases
of acute ischemic stroke, there are numerous reports of
successful treatment of patients with high-risk PE with
vacuum-assisted thrombectomy (Figure 22.4).

Figure 22.3 Rotatable pigtail catheter. See text for details.

the loop that allows straight passage of the guide wire
(Figure 22.3). Once positioned within the thrombus,
the loop is rapidly spun around the axis formed by the
catheter and guide wire, fragmenting the thrombus. The
efficacy of this technique is improved with adjunctive use
of pharmacological thrombolysis. In an 18-patient series,
this technique (combined with thrombus aspiration in
11 patients) had a clinical success rate of approximately
90%, with no direct procedural complications [15]. In
a 25-patient series of patients with massive acute PE,
pigtail catheter thrombus fragmentation resulted in a significant decrease in the mean pulmonary artery pressure,
from 34 mmHg to 30 mmHg; a further reduction down
to 24 mmHg was noted after use of CDT and manual
aspiration of the thrombus [16]. These findings were similar to those reported by Schmitz-Rode and colleagues,
in which thrombus fragmentation by pigtail catheter
rotation for 17 ± 8 minutes was safe and resulted in
hemodynamic improvement in 20 patients with massive
PE [17].

AngioVac
The AngioVac System (AngioVac, Vortex Medical, MA)
is a suction device that allows the removal of intravascular material (e.g. thrombus, myxoma, and vegetation)
while maintaining extracorporeal circulation. The system
consists of two components: the AngioVac Cannula
catheter and the AngioVac Circuit (Figure 22.5). The
25 Fr catheter has a balloon-expandable funnel at the
tip that functions as a cannula. The catheter can be
advanced percutaneously or through a surgical cutdown.
An adjustable amount of suction (up to 80 mmHg) is
applied at the cannula to suction the unwanted material;
blood is filtered and then returned via another sheath to a
contralateral large peripheral vein. The Circuit system has
features of a cardiopulmonary bypass circuit and requires
a trained perfusionist for its operation. This system has
been used successfully for the percutaneous extraction
of right atrial thrombi [18] and intracardiac vegetations
[19], however, there are currently no published case
reports of this system in the treatment of acute PE.
Right Ventricular Assist Device
Although experience with right ventricular assist devices
(RVADs) for the treatment of massive PE is extremely
limited, there are case reports that suggest they can be a
life-saving intervention in carefully selected cases [20, 21].
As opposed to extracorporeal membrane oxygenation
(ECMO), which bypasses the entire pulmonary circulation, RVAD only bypasses the RV. RVADs can be placed
surgically or percutaneously. In at least one recent case
report of a 48-year-old patient with acute massive PE
and persistent cardiogenic shock, bypassing the acutely
failing RV, but not the pulmonary circulation, with a
percutaneous RVAD stabilized the patient and led to a
full recovery [20].
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(a)

(b)

(c)

Figure 22.4 (a) Vacuum-assisted thrombectomy with Indigo Penumbra device. (b) Pre-intervention chest CTA showing a large saddle embolus. (c) Marked reduction in thrombus burden postprocedure.

AngioVac Cannula
Saline Bag

Filter

Centrifugal Pump
Console

Reinfusion
Cannula

AngioVac Circuit
Figure 22.5 The AngioVac System. Unwanted intravascular material is aspirated with the AngioVac cannula. Blood is filtered and then
reinfused into a large peripheral vein. Source: Image courtesy of AngioDynamics, Inc.
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Overview

Inferior vena cava (IVC) filters are indicated in patients
with acute PE who have contraindications to anticoagulation (class I recommendation), and in patients
with acute PE who have poor cardiopulmonary reserve
and who are deemed to be at high risk of death if they
develop another PE (class IIb recommendation, level
of evidence C). Most patients with high-risk submassive and massive PE fall into the latter category. These
patients should be considered for placement of a removable IVF filter, regardless of whether concurrent lower
extremity deep venous thrombosis (DVT) is present.
In the International Cooperative Pulmonary Embolism
Registry (ICOPER) registry, IVC filters were associated
with a reduction in 90-day mortality (hazard ratio,
0.12; 95% CI, 0.02 to 0.85) [22]. In a recent analysis by
Stein and co-workers, in-hospital mortality was lower
in unstable patients with acute PE who had received
an IVC filter, compared to similar patients who did not
receive an IVC filter [23]. Patients who receive removable IVC filters should be re-evaluated periodically for
retrieval of the filter as soon as deemed safe. Although
IVC filters decrease the risk of PE, they increase the
risk of DVT [24].

Patients with acute PE should be rapidly risk-stratified.
Those with submassive PE and evidence of significant RV
dysfunction or myonecrosis and those with massive PE
should be considered for systemic thrombolysis. Patients
who have contraindications to systemic thrombolysis
or who are deemed to be sufficiently unstable to benefit
from rapid recanalization of the pulmonary artery should
be considered for catheter-based therapy. Currently, there
are no standard protocols for catheter-based therapy for
PE, and the strength of recommendations for this strategy
is overall weak. The catheter or device used is usually
determined by institutional experience and resources.
Generally, a combination of mechanical fragmentation
or aspiration of the thrombus and pharmacological
thrombolysis is the preferred approach. Patients who are
sufficiently high-risk to justify catheter-based interventions should be considered for a retrievable IVC filter to
prevent acute recurrent PE; these patients should then be
periodically re-evaluated for removal of the filter.

Complications of Catheter-Based
Therapies
There are several potential complications related to
catheter-based interventions for the treatment of acute
PE. Some of these complications are due to injury of
right heart structures and the pulmonary artery and are
not device-specific, for example pericardial tamponade,
pulmonary artery perforation with acute hemothorax or pulmonary hemorrhage, and general access
complications (especially in the setting of therapeutic
anticoagulation and administration of a fibrinolytic
drug). Other complications are device-specific. For
example, as mentioned above, the AngioJet device has
been associated with fatal high-degree AV block and
asystole. Devices that fragment thrombus (e.g. pigtail catheter rotation) may cause distal embolization
with worsening V/Q mismatch, hypoxemia, and pulmonary artery hypertension. Because patients with acute
massive/submassive PE are often critically ill, interventionalists performing catheter-based interventions
must feel comfortable managing cardiogenic shock and
bradyarrhythmias, using vasopressors, and performing
pericardiocentesis.
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Introduction
Venous thromboembolism (VTE) is a complex disease
that results from a milieu of environmental triggers
and thrombotic predispositions. It accounts for 1% or
548 000 hospital admissions per year in the United States
[1]. There is a 30% recurrence of VTE within 10 years.
Forty percent of untreated deep vein thrombosis (DVT)
patients develop pulmonary embolism (PE) and 25% of
PE patients present with sudden death [2, 3]. Hospital
cost of patients diagnosed with VTE average 2.5 × greater
than those without ($62 838 vs. $24 464) [1].
The primary modality of treatment for VTE is pharmacologic anticoagulation. Although many agents have been
studied to treat this disease, including vitamin K antagonists (VKAs), unfractionated heparin (UFH), low molecular weight heparin (LMWH), and novel oral anticoagulation (NOAC), few have been compared to placebo for
ethical reasons. Disadvantages to pharmacologic anticoagulation are the inherent risk of bleeding, contraindications to their use, and recurrent VTE while on anticoagulation.

History
As an adjunctive or alternative measure to anticoagulation, the concept of a physical interruption that prevents
pulmonary embolism was first proposed in 1868 by
Trousseau [4]. It was first performed in 1893, but did
not grow in popularity until the 1940–1960s [5]. Considerable morbidity and mortality accompanied this
treatment as a consequent of the surgery itself and the
sequelae of venous obstruction. Short-term mortality
in the 1960s ranged from 4% to 20% with over 30%
developing persistent edema [6].

In the late 1960s several techniques were developed to
prevent clot propagation without the operative mortality
of surgery. The Mobin–Uddin filter, first released in
1969, consisted of expanding metal struts supporting
a silastic perforated mesh delivered to the infrarenal
vena cava via surgical venous cut-down. The drawback to this initial design was a high rate of complete
thrombotic filter occlusion in >50% of patients [7]. The
KimRay–Greenfield filter was released in 1973 in a collaborative effort between an Oklahoma oil-field engineer
and a cardiothoracic surgeon. This filter was conical in
shape and modeled after oil-pipeline sludge filters that
allowed debris to collect in the center of the filter in order
to maintain peripheral patency. As a result the Greenfield
filter showed improved patency rates and became the
predominant one placed at the time [8].
Many subsequent variations on this initial design
were released over the next 30 years (Figure 23.1). The
first percutaneous filter was developed in 1984, which
expanded the popularity of the technology and obviated
the necessity of a surgical cut-down [10]. The concept
of a retrievable inferior vena cava (IVC) filter was first
conceived in the late 1980s, however it was not until
2003 that they were released commercially. These were
the Gunther-Tulip (Cook Inc., Bloomington, IN) and
Opt-Ease (Cordis, Fremont, CA) filters. The idea was a
short-term protection from pulmonary embolism without the long-term side effects of filter thrombosis and
IVC obstruction.

Primary Indications
Since its inception the indications for placement of an
IVC filter have been in contention. Current societal
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Figure 23.1 IVC filter varieties: (a) stainless steel Greenfield filter, (b) percutaneous stainless-steel Greenfield filter, (c) titanium Greenfield filter, (d) Bird’s Nest filter, (e) Simon Nitinol filter, (f) Vena Tech filter, (g) Nitinol TrapEase filter, and (h) Gunther Tulip filter. Source: Reproduced
with permission [9].
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IVC filter and no contraindiction
to anticoagulation:
Death ≤ 30 days from admission

Death ≤ 90 days from admission

PE ≤ 1 year of discharge

DVT ≤ 1 year of discharge

IVC filter and active bleeding:
Death ≤ 30 days from admission

Death ≤ 90 days from admission

PE ≤ 1 year of discharge

DVT ≤ 1 year of discharge
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Figure 23.2 Hazard ratio of IVC filter use for VTE in those with no contraindication to anticoagulation compared with those having a diagnosis

of active bleeding [13].

recommendations are in agreement that IVC filters are
indicated in patients who have an acute VTE and contraindications to anticoagulation or recurrent VTE on
therapeutic anticoagulation [11, 12]. These indications
parallel those used for venous ligation in the 1960s and
evolved as indications for IVC filters with little scientific
scrutiny. Therefore, there is relatively little data on the
degree of therapeutic benefit offered by the IVC filter over
placebo. There has never been a placebo-controlled trial
to study traditional indications, and there are relatively
few randomized trials involving the IVC filter.
In 2016 White et al. [13] attempted to analyze the
effectiveness of IVC filters by retrospectively examining
85 159 patients discharged from California hospitals
with a diagnosis of acute VTE between 2005 and 2010.
Patients were separated into those with a diagnosis of
major surgery, acute active bleeding, or neither. It was
assumed that those with active bleeding or major surgery
had relative contraindications to anticoagulation compared with those who did not. Propensity matching was
used to correct for baseline characteristics between those
who received IVC filters and those who did not. There
was no difference in mortality, PE, or DVT at one year in
the group without contraindication to anticoagulation,

or the surgical group. However, in the group with a
diagnosis of active bleeding there was a decreased rate of
death at 30 and 90 days (hazard ratio [HR] 0.68 and 0.73)
and an increased rate of DVT at 12 months (HR 2.35),
associated with IVC filter placement (Figure 23.2) [13].
In 2014, Muriel et al. [14] reviewed data from the
Computerized Registry of Patients with Venous Thromboembolism (RIETE) in an attempt to determine the
survival effects of IVC filters in patients with VTE who
were high risk for bleeding. There were 40 142 patients
identified with acute symptomatic VTE of whom 371
received an IVC filter for contraindications to anticoagulation. Because baseline characteristics varied widely
between the two groups, a similar-sized cohort was
created in the non-IVC filter group with comparable
variables such as active bleeding, cancer, hemodynamic
instability, and renal dysfunction. Thirty-day outcomes
showed a non-significant trend in survival favoring
the IVC filter group (6.6% vs. 10.2%; p = 0.12), a significant decrease in PE-related death (1.7% vs. 4.9%;
p = 0.03), and an increase in recurrent VTE (6.1% vs.
0.6%; p < 0.001) [14].
Both of these studies suggest a mortality benefit for
IVC filters in patients with high risk of bleeding and VTE
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which supports the current guidelines. It is important to
note that both studies are observational and retrospectively reviewed, thus are prone to bias, most importantly
selection bias. Although this device has been Food and
Drug Administration (FDA) approved for over 30 years,
there is a relative lack of evidence-based support.

Expanded Indications
The morbidity and mortality of venous ligation resulted
in limited use to only those individuals who had
strong traditional indications, i.e. thrombus with contraindication to anticoagulation. With the advent of
percutaneuosly delivered devices, the use of IVC filters
has been expanded to indications of proposed theoretical
benefit. These include poor cardiopulmonary reserve,
patients undergoing thrombectomy, large free-floating
proximal thrombi, and prophylaxis in high-risk patients:
trauma, malignancy, bariatric surgery, and pregnancy.
These indications can be grouped into three overlapping
categories: (i) IVC filters as adjunctive measures to anticoagulation in the setting of known VTE, (ii) IVC filters
for primary prophylaxis in the absence of anticoagulation, and (iii) IVC filters for primary prophylaxis plus
anticoagulation. The following clinical situations embody
one or more of these three “expanded indications.”
IVC Filters as an Adjunctive Measure
to Anticoagulation in Known VTE
The Prevention du Risque d’Embolie Pulmonaire par
Interruption Cave (PREPIC) study published in 1998 was
the first large randomized controlled trial in the history
of the IVC filter. It attempted to address the role of IVC
filters as an adjunct to anticoagulation in known VTE.
Between 1991 and 1995, 400 patients in 44 centers across

France who were hospitalized for DVT ± pulmonary
embolus were randomly assigned to anticoagulation or
anticoagulation with an IVC filter (VenaTech LGM, B.
Braun, Bethlehem, PA; Greenfield, Boston Scientific,
Marlborough, MA; Bird’s Nest, Cook Medical, Bloomington, IN). Within 12 days of randomization patients
with an IVC filter suffered fewer PEs as compared to
controls (1% vs. 5%; p = 0.03), with no difference in
mortality. This short-term benefit dissolved at two years
with no significant difference in symptomatic PE and no
mortality benefit. Furthermore, the IVC filter group had
a higher rate of recurrent DVT (21% vs. 12%; p = 0.02)
(Table 23.1) [15].
At an eight-year follow-up, a mortality benefit in the
IVC filter group was still not observed. While the overall mortality and incidence of post-thrombotic syndrome
were similar among groups, the IVC filter group had less
symptomatic PEs (6% vs. 15%; p = 0.008), but a higher frequency of recurrent DVTs (35% vs. 27%; p = 0.042) [16].
One of the main criticisms of this paper is that the
patient population was relatively healthy, with a small
percentage of high-risk patients such as post-surgical,
active malignancy, poor cardiopulmonary reserve, or
trauma [17].
IVC Filters in Trauma Patients
Many specific populations are considered high risk
for VTE due to coexistent features of Virchow’s triad
(endothelial damage, stasis, and hypercoagulability). IVC
filters are often used in these groups as an adjunctive
measure to anticoagulation, similar to the PREPIC study,
but without actual documented VTE prior to placement.
A recent meta-analysis of IVC filters in trauma patients
found only eight controlled studies in current published

Table 23.1 Prevention du Risque d’Embolie Pulmonaire par Interruption Cave
(PREPIC) study comparing IVC ﬁlter placement + anticoagulation versus
anticoagulation alone, results at 12 days and two years [15].
Filter
(n = 200)
Results 12 days after randomization
Symptomatic pulmonary embolism

No ﬁlter
(n = 200)

p value

2 (1.1%)

9 (4.8%)

0.03

Major bleeding
9 (4.5%)
Death
5 (2.5%)
Results two years after randomization

6 (3.0%)
5 (2.5%)

0.44
0.99

Symptomatic pulmonary embolism
Major bleeding
Recurrent deep vein thrombosis

6 (3.4%)
17 (8.8%)
37 (20.8%)

12 (6.3%)
22 (11.8%)
21 (11.6%)

0.16
0.41
0.02

Death

43 (21.6%)

40 (20.1%)

0.65

CHAPTER 23 Inferior Vena Cava Filters

literature: one randomized study of 34 people and
seven observational studies (five retrospective and two
prospective). Fifty of the other 58 studies identified
had no control population. Among the eight controlled
studies there were statistically significant fewer PEs (RR
0.20 [95% CI, 0.06–0.70]) in the IVC group. Four studies
were able to demonstrate a decrease in fatal PE (RR 0.09
[95% CI, 0.01–0.81]). No study demonstrated a change
in overall mortality or rate of DVT [18]. Important to
note is that this meta-analysis graded the majority of
the studies being reviewed as having a high potential for
bias. Another point is that the majority of the patients
in the IVC filter group also received anticoagulation,
thus these results are not applicable to those who are
unable to receive anticoagulation as primary prophylaxis
due to the extent of their injuries. These results echo
those of PREPIC: IVC filters in addition to anticoagulation decrease the incidence of PE without a change in
mortality, even in this high-risk population.
Another meta-analysis reviewed these same eight
trauma studies and found comparable results, making
note that only two of the eight studies had patients who
were not on anticoagulation as an adjunct to IVC filter
placement [19]. Both of these results differ from a prior
trauma meta-analysis of 4000 patients which showed no
difference in the rates of PE between those treated with
IVC filters and those without, however this study did not
comment on relative use of anticoagulation [20].
One issue in populations such as trauma patients is that
while the incidence of VTE is higher than the average
population, in the setting of pharmacological anticoagulation it is still relatively rare. Hence better tools are
required to further stratify patients into those at highest
risk of VTE with greatest potential to benefit from IVC
filter placement. A study from the American College of
Surgeons (ACS) National Trauma Data Bank calculated
the incidence of VTE to be 0.36% from a sample of
450 000 subjects. There were six independently significant risk factors for VTE in the multivariate regression:
age > 40, lower extremity fracture, head injury, >three
ventilator days, venous injury, and a major operative
procedure. Ninety percent of patients with VTE had at
least one of these risk factors, however 10% of all patients
who received an IVC filter did not have any [21].
IVC Filters in Patients with Malignancy
Another high-risk population with theoretical benefit from IVC filters are those with active malignancy.
While high-risk due to increased rates of VTE, the high
mortality rates in this population make it difficult to
demonstrate IVC filter related mortality differences [22].
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Table 23.2 Results for 64 patients with active malignancy
randomized to low molecular weight heparin (LMWH) versus
LMWH + IVC ﬁlter [23].
LMWH
(n = 33)

LMWH + IVC
ﬁlter (n = 31)

Recurrent PE
Recurrent DVT
IVC ﬁlter thrombosis

1 (3%)
0
0

1 (3%)
0
1 (3%)

Major bleeding
Minor bleeding

2 (6%)
2 (6%)

1 (3%)
2 (6%)

There has been one randomized controlled trial in 64
patients with active malignancy comparing LMWH and
LMWH + IVC filters (VenaTech LP, B. Braun, Bethlehem,
PA). At three years there was no difference in mortality
or recurrent PE, with one PE in each group. This study
demonstrates both the effectiveness of anticoagulation
and the necessity of a large sample size to demonstrate
any mortality benefit for IVC filters in patients with active
malignancy (Table 23.2) [23].
A single-arm prospective observational study from
2005 to 2009 treated 107 patients with VTE and malignancy with a Recovery G2 filter (Bard Peripheral Vascular,
Tempe, AZ) plus anticoagulation. At a mean of 319 days
there were three (3%) recurrent PEs, which was comparable to the incidence of PE in the IVC arm of the PREPIC
trial [15, 24]. An additional retrospective study analyzing
the evolution of DVTs in cancer patients found a recurrence rate of 32% in patients with an IVC filter compared
to 17% in those without a filter (p < 0.001) [25].
These studies demonstrate recurrent DVT and PE rates
in IVC filter recipients with malignancy similar to those
in the general population. As such their treatment recommendations should not differ. However, there is no guide
to IVC filter placement in individuals with malignancy
with contraindications to anticoagulation in the absence
of VTE – an area of potential investigation.
IVC Filters for Those with Poor Cardiopulmonary
Reserve
Poor cardiopulmonary reserve has dogmatically been
accepted by professional societies as a relative indication
for IVC filter placement, but literature on this topic is
sparse. Theoretically a hemodynamically unstable person
with an initial PE would have difficulty tolerating a subsequent PE. While a long-standing historical indication,
evidence to support the practice has only recently been
gathered.
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In a post-mortem study from 2011, Stein et al. demonstrated that patients who received an IVC filter in the
context of a massive PE had a lower mortality (25% vs.
58%; p < 0.0001) compared with those who had not
received an IVC filter [26].
The same group examined IVC filter usage in
1.7 million patients with VTE and a diagnosis of hemodynamic instability or the use of thrombolytic therapy.
Among stable patients who did not receive thrombolytics,
there was only a small difference in mortality among the
IVC filter group (7.2% vs. 7.9%; p < 0.0001) However,
among unstable patients (33% vs. 51%; p < 0.001) and
among those with thrombolytic therapy (6.4% vs. 15%,
p < 0.001), there were significant mortality benefits
associated with IVC filter placement (Figure 23.3) [27].
While promising, both of these studies are subject to
selection bias. What little prospective data that are available consist of small case series involving 10–20 patients
[28]. Randomized data is needed to support vena cava filter placement in this population.

by the uterus and a hypercoagulable state. VTE during
pregnancy has traditionally been treated with heparin,
however therapy is usually interrupted at least temporarily during delivery to prevent hemorrhage. This poses a
unique challenge, and one that was first addressed with
an IVC filter in 1981 [29].
Harris et al. [30] released an extensive review in 2016
of all the published cases of IVC filter placement during
pregnancy to date. They catalogued 124 pregnancies from
case series between 1981 and 2014, with no randomized
or controlled data. Indications were varied, ranging from
the traditional (failure or inability to tolerate anticoagulation) to expanded indications such as a large free-floating
thrombus. IVC filter placement appears to be safe, with
only one maternal death due to air embolism from vascular cut-down and no fetal complications. It also appears
to be effective with only one recurrent PE after IVC filter
placement [30]. The ability of IVC filters to prevent PE in
pregnancy will not be known until compared to anticoagulation alone.

IVC Filters in Pregnancy
Pregnancy and the peripartum period are established
risk factors for VTE secondary to venous compression

IVC Filters in Bariatric Surgery
Prophylactic IVC filter placement has been advocated
for patients undergoing gastric bypass surgery due

IVC filter

NO IVC filter

60

In-hospital case fatality rate (%)

51
45

33

30

18

15

15
7.2

7.9

6.4

7.6

0
Stable +
NO thrombolytics

Stable +
thrombolytics

Unstable +
NO thrombolytics

Unstable +
thrombolytics

Figure 23.3 In-hospital fatality rate for hemodynamically stable and unstable patients, with and without thrombolytic therapy, separated by
those who received an IVC filter during hospitalization versus those who did not [27].
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to a high incidence of PE (1–4%) despite appropriate
anticoagulation [31]. A retrospective study of the Hurley Bariatric Center database found no difference in the
recurrence rate of VTE or death among those deemed low
risk, and as such did not receive an IVC filter, versus those
deemed high risk and who thus received a prophylactic
IVC filter [32]. Given that the rate of PE should have been
greater in the high-risk group, the authors concluded that
prophylactic IVC filter placement in the high-risk subset
of obese patients decreased the risk of VTE.
A propensity-scored cohort study of 1077 patients
receiving an IVC filter matched to patients not receiving
an IVC filter demonstrated a statistically significant
increase in DVT (1.2% vs. 0.37%; p = 0.039), VTE (1.9%
vs. 0.74%; p = 0.027), serious complications (5.8% vs.
3.8%; p = 0.031), and permanently disabling complications (1.2% vs. 0.37%; p = 0.028) in those patients
receiving IVC filters (Figure 23.4) [33]. A meta-analysis
published in 2015 reviewed five controlled studies that
demonstrated no benefit of adjunctive prophylactic filter
placement in this population [34].
IVC Filter in Patients with Intracranial Tumors
Traditionally patients with brain tumors and VTE were
managed with mechanical rather than pharmacologic
IVC Filter
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therapy because of concern for intracranial hemorrhage.
A retrospective study of patients with brain cancer or
intracranial hemorrhage and VTE compared anticoagulation to prophylactic IVC filter placement in 175
patients. There was a non-significant trend toward lower
in-hospital mortality (8.8% vs. 12.8%; p = 0.171) and
increased total survival time (21 weeks vs. 11 weeks;
p = 0.177) in patients who received the IVC filters [35].
Another study of 51 patients with known brain metastasis demonstrated that 40% (4 of 10) of patients receiving
an IVC filter developed recurrent VTE compared to 5% (2
of 39) of those who were anticoagulated [36]. However,
5% of the anticoagulated patients developed catastrophic
intracranial hemorrhage and 8% developed intratumoral
hemorrhage. Increased IVC filter complications were substantiated by Levin et al. [37], who retrospectively analyzed 49 patients with intracranial cancer and VTE, and
demonstrated that >60% of patients with IVC filters experienced complications such as filter thrombosis or recurrent DVT or post-phlebitic syndrome, and 12% developed
recurrent PE.
Given the increased incidence of complications in
this subgroup of patients with intracranial tumors,
further studies to demonstrate the relative safety of
anticoagulation compared to IVC filters are needed.

Propensity-matched cohort

Percentage of total patients (%)

2

1.5

1

0.5

0
Pulmonary Embolism

Deep Vein Thrombosis

Venous Thromboembolism

Figure 23.4 Rate of PE, DVT, and combined VTE in 1077 patients undergoing bariatric surgery and receiving IVC filters compared with
matched controls not receiving filter [33].
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IVC Filters in Patients Undergoing Concomitant
Thrombectomy or Thrombolysis
Clinicians have postulated that patients receiving thrombolysis for proximal DVTs are at an increased risk of clot
fragmentation and subsequent pulmonary embolization,
and would thus benefit from IVC filter placement as
an embolic protection device. In a case series of 174
patients with proximal DVT, Thery et al. [38] delivered
catheter-directed streptokinase into a lower extremity
thrombus of patients with a temporary IVC filter, then
performed daily venograms. Fragments from the lysed
clot were visualized radiographically collecting in the
temporary filter in one-third of the patients.
These findings were supported by Yamagami et al. [39]
and Kolbel et al. [40] in case series of patients treated with
mechanical or pharmacological thrombolysis and temporary IVC filter protection. Thrombus collection rates were
47% and 45% respectively. The case series by Yamagami
et al. included 17 patients and Kolbel et al. included 40
patients. There was no procedural related mortality or PE,
and no complications related to the IVC filter in either
series. Unfortunately, there was no long-term follow-up
or control group.
In contrast, Protack et al. [41] reviewed 69 cases of
percutaneous catheter-directed thrombolysis (CDT), of
whom only 14 received a prophylactic IVC filter. This
prospective database included a pre-specified surveillance ultrasound and a 2.1 year mean follow-up. None
of the patients in either group developed periprocedural
PE. Three patients developed PE on follow-up: one in the
IVC filter group at 33 days and two in the non-IVC filter
group at 345 and 461 days.
Finally, a randomized trial in 2011 examining 141
patients undergoing percutaneous endovascular intervention for proximal DVT randomized 70 patients to
receive a filter and 71 patients to not receive a filter.
Fourteen patients in the filter group and 22 patients in
the control group were evaluated for PE with computed
tomography angiography (CTA) or V/Q scan on the
basis of symptoms during the procedure. One new PE
occurred in the filter group and eight new PEs in the
control group (1.4% vs. 11.3%; p = 0.048) [42].
IVC Filters with Free-Floating Thrombi
A final subset of patients who have historically received
IVC filters are those with large proximal free-floating
thrombi in the IVC or proximal iliac vessels. While there
has been no direct study on the use of IVC filters in this
population, the debate over risk of embolization in their
absence is still ongoing.

In 1985 Norris et al. [43] with Lazar J. Greenfield
reviewed 78 cases of DVT looking for risk factors for
development of PE. Three of five (60%) patients with
proximal free-floating thrombus (>5 cm non-adherent)
developed PE. Four of 73 (5.5%) patients with completely
adherent clot developed PE. Monreal et al. in 1989 found
supporting results with free-floating thrombi, demonstrating a higher risk of recurrence in patients with PE
(38% vs. 11%; p = 0.014) [44]. Pacouret et al. [45] prospectively evaluated 62 patients with free-floating thrombus,
comparing them to 27 patients having adherent thrombus. They found no difference in rate of recurrent PE
for the free-floating thrombus group versus those with
adherent clot (3.3% vs. 3.7%). With conflicting reports of
actual risk imposed by free-floating thrombi, the role of
the IVC filter in this population is still unclear.

Trends in Usage
Given the relative lack of randomized controlled trials
on the topic, and differing results among expanded indications, the societal guidelines differ for IVC filters. As
a result there are large disparities in implantation rates
between different institutions, different specialties, and
different geographical locations [46, 47]. One thing that
is certain, however, is that IVC filter use has increased
exponentially since the advent of removable IVC filters.
Stein et al. [48] first looked into US trends in 2004
by reviewing the National Hospital Discharge Survey
database, a tool published by the CDC that surveys 8% of
hospitalizations and 1% of discharges to produce national
estimations. IVC filter implantations increased from 2000
per year in 1979 to 49 000 in 1999. This was not due solely
to increasing incidence of VTE. In 1979–1981, 0.7% of
patients with a diagnosis of PE received an IVC filter
versus 11.8% between 1997 and 1998. Updated data in
2011 demonstrated a consistent trend, with the PE IVC
filter rate rising to 12.8% in 2003–2006. The rate of IVC
filters implanted in patients without DVT or PE (primary
prophylaxis) also rose at the same rate. In 2006 there were
25 000 filters implanted for primary prophylaxis versus
31 000 for PE (Figure 23.5) [49].
Bikdeli et al. examined the Center for Medicare and
Medicaid Services (CMS) hospitalization records from
1999 to 2010. IVC filter placement in patients with PE
increased from 5003 filters placed in 1999 to 8928 filters
placed in 2010, which translates to a filter utilization
rate of 16.9%. While the absolute numbers increased,
the utilization rate did not change between 1999 and
2010 [50]. Importantly IVC filter placement for DVT or
primary prophylaxis was not reported.
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Figure 23.5 Number of IVC filters inserted by indication: PE +/− DVT, DVT only, and no DVT/PE (primary prophylaxis). Data obtained

from National Hospital Discharge Survey. Source: Reproduced with permission [49].

Retrievable Filters
As mentioned, the PREPIC trial in 1998 comparing
IVC filters plus anticoagulation to anticoagulation
alone demonstrated decreased PE in the short term
but increased DVTs at long-term follow-up [15]. With
the advent of the retrievable filter in 2002, a theoretical
benefit of PE protection in the short term could be
realized without the long-term DVT risk and potential
complications if the filter is removed. In 2011 Angel et al.
[51] performed a systemic review of 37 studies involving
6834 retrievable filters. They demonstrated that retrievable filters appear to be effective with a 1.7% recurrent
PE rate. They also demonstrated that the majority of
retrievable filters are never retrieved. The retrieval rate
ranged from 12% to 45%. Design characteristics that
allow the retrievable IVC filter to be removed increase
the potential for complication when left in place [52].
Of the 842 complications reported to the Manufacturer
and User Facility Device Experience (MAUDE) database
maintained by the FDA, there were 192 (22%) filter
migrations, 188 (22%) filter fractures, and 174 (20%) IVC
perforations [51].
Retrievable filters were the subject of only the second
large randomized controlled study involving IVC filters

in the PREPIC 2 trial, conducted in France between
2006 and 2013. Four hundred patients hospitalized with
acute VTE were randomized to retrievable IVC filter plus
anticoagulation versus anticoagulation alone. The filters
were successfully retrieved in 164 of 180 patients at three
months. Six recurrent PEs occurred in the filter group
and three in the control group, demonstrating no significant difference. There was also no difference in mortality
or DVT at three- and six-month follow-up (Table 23.3)
[53]. The results of the PREPIC2, similar to the PREPIC
trial, provided insight into the filter’s use in patients
who can tolerate anticoagulation but is not generalizable
to those who receive filters due to contraindications to
anticoagulation.

Procedural Concerns
IVC filters were initially placed through a surgical
cut-down of the common femoral vein and insertion of
a 29 Fr outer diameter rigid introducer catheter [9]. As a
consequence of its size, there were a significant number
of access site related DVTs (41% in one early study)
and a few case reports of lethal air embolism [54, 55].
The design was refined with a percutaneous approach
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Table 23.3 Results from the PREPIC2 trial: recurrent DVT, PE, and
death in patients randomized to retrievable IVC ﬁlter +
anticoagulation vs. anticoagulation alone [53].
IVC
ﬁlter
(n = 200)
Three-month follow-up
Recurrent PE
6 (3.0%)

No IVC
ﬁlter
(n = 199)

p value

3 (1.5%)

0.50

Recurrent DVT
1 (0.5%)
Death
15 (7.5%)
Six-month follow-up

1 (0.5%)
12 (6.0%)

0.99
0.55

Recurrent PE
Recurrent DVT
Death

4 (2.0%)
2 (1.0%)
15 (7.5%)

0.54
0.99
0.29

7 (3.5%)
1 (0.5%)
21 (10.6%)

developed in 1984, however this still required a large
24 Fr sheath [10]. The initial filters were stainless steel,
which resulted in artifact and concerns for migration
with magnetic resonance imaging (MRI) imaging. The
titanium Greenfield filter released in 1988 alleviated the
size concern by allowing introduction through a 12 Fr
sheath, and had less MRI interference owing to its titanium composition. The initial titanium Greenfield filter,
however, had a high rate of tilt or release at a non-co-axial
angle, which was corrected with the stainless-steel version that could be deployed over a guide wire to maintain
proper orientation [9]. Several other permanent IVC filters were developed in the 1980s to 2000s. These included
the Bird’s Nest (Cook, Bloomington, IN), VenaTech
LGM and LP (B. Braun, Bethlehem, PA), Simon Nitinol
(Bard, Covington, GA), and TrapEase (Cordis, Fremont,
CA). In 2003 the first retrievable filter was released
and subsequently many others were released, including
the Gunther Tulip (Cook, Bloomington, IN), Recovery
(Bard, Covington, GA), G2 Recovery (Bard, Covington,
GA), OptEase (Bard, Covington, GA), and Celect (Cook,
Bloomington, IN) [9, 56] (Figure 23.1).
Technique
The current technique for placement of an IVC filter
involves obtaining percutaneous venous access of either
the right internal jugular or right common femoral vein
and placing an appropriate size sheath for the desired
filter (6–12 Fr) into the vein. The right side is preferred as
this allows a more direct route to IVC without angulation.
A diagnostic catheter is advanced into infrarenal IVC
between L1 and L5 using fluoroscopic guidance and a
digitally subtracted cavography is performed. The cavography helps to locate the correct filter position (ideally

the superior tip at the inferior border of the renal veins),
size the IVC for an appropriate filter, and identify the
presence of thrombus in the target area and any other
anatomical anomalies. Placement of the filter just below
the level of the renal veins helps to minimize “dead space”
and decreases the potential for clot formation superior to
the filter [9, 56].
Anatomy
Anatomy plays a crucial role in determining both the type
of filter and placement location. The average infrarenal
IVC diameter is 20 mm, and most current filters can
accommodate up to a 28 or 30 mm diameter IVC.
However, some patients have a larger IVC known as
“megacava” which necessitates either bilateral iliac artery
filter placement or the use of a Bird’s Nest filter (Cook
Medical, Bloomington, IN), which can accommodate up
to a 40 mm diameter IVC [56].
Embryologically the IVC develops from three parallel
pairs of veins that selectively regress and coalesce to form
the IVC and bilateral renal veins between 6 and 10 weeks
of gestation [57]. Variations in regression result in venous
anomalies that are common and clinically silent but can
be relevant when determining the appropriate placement
of an IVC filter.
A left-sided IVC, prevalence 0.2–0.5%, is seen when the
infrarenal IVC develops on the left side of the spinal column adjacent to the aorta. It joins the left renal vein and
then usually crosses to the right side and adopts the usual
configuration. This is significant in that a right femoral
or right internal jugular access makes co-axial placement of a filter more difficult [57, 58]. A double IVC,
prevalence 0.2–3%, is a failure of regression anomaly
where each common iliac vein develops into its own IVC,
joins its respective renal vein, then combines with the
contralateral vein into a right-sided suprarenal IVC. This
is significant in the potential for a contralateral DVT to
bypass a solitary IVC filter if placed in the usual infrarenal
position [57, 58]. This can be managed with two IVC
filters placed in each infrarenal IVC or suprarenal IVC
filter placement. The left renal vein normally courses
anterior to the aorta prior to joining the IVC, however
in 1.2–2.4% of cases it is retroaortic coursing posterior
to the aorta and in 1.5–8.7% it will be circumaortic, with
both a retroaortic and preaortic branch. The retroaortic
branch of the renal vein attaches to the IVC 1–2 cm
inferior to the pre-aortic limb. These branches must be
recognized prior to filter delivery to ensure sufficient
inferior or superior placement to avoid unprotected
collateralization [57, 59].
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Ultrasound-Guided Placement
An alternative technique to filter placement was developed in the late 1990s using transabdominal as well as
intravascular ultrasonography (IVUS). This method is
beneficial in that it can be performed at the bedside
in critically ill patients, does not expose the patient to
ionizing radiation, and avoids intravenous contrast. Preprocedure transabdominal ultrasonography is required
to exclude IVC or iliac vein thrombus. IVUS-guided
placement can be performed with dual or single venous
access. In the dual access technique an IVUS catheter is
inserted into the left common femoral vein, advanced to
the level of the right atrium then withdrawn to identify
all the key structures to the lower level of the right renal
vein (typically lower than the left) (Figure 23.6). Then
the IVC filter catheter and sheath are inserted until the
tip is confirmed to be at the level of the renal vein, the
IVUS catheter is withdrawn, and the filter is deployed.
In a single venous access technique an IVUS catheter is
inserted into the right common femoral vein, advanced
to the level of right renal vein, and the distance of the
catheter measured from the skin. The IVUS catheter is
then removed and the filter delivery sheath is inserted to
the same distance and the filter deployed. A modified version of this single puncture technique can be performed
whereby the IVUS catheter is inserted through the filter
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sheath to identify the appropriate position, the sheath
advanced until covering the IVUS catheter, then the IVUS
catheter is withdrawn and the filter catheter advanced
through the sheath until the filter is deployed. Case series
of these techniques have reported a 94–96% technical
success rate, which, while high, is still lower than that of
traditional fluoroscopy. The most common reasons for
failure are misplacement of the filter in a suprarenal or
iliac artery position due to misidentification of anatomy
with IVUS [60, 61].
Contraindications
While evidence-based guidelines do not exist regarding
absolute and relative contraindications for IVC filter
placement, current practice suggests that IVC filters
should be avoided in the following scenarios: inability
to access the IVC, bacteremia, occlusion of the IVC,
caval diameter of <15 mm, and coagulopathy/bleeding
diathesis.
Complications
IVC filter complication rates need to be interpreted in the
context that different filters carry unique complication
profiles and that complications can occur during insertion, retention or extraction. There is limited IVC filter
complication literature as demonstrated by only 842 IVC
Hepatic veins

Right
atrium

(a)

(b)
R Renal
Vein

IVC
L Renal
Vein

20.8 mm

(c)

Aorta

Infrarenal
IVC
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Figure 23.6 Intravascular ultrasound imaging of IVC before filter insertion, taken in descending order: (a) right atrium, (b) hepatic veins, (c)
renal veins and (d) infrarenal IVC. Source: Reproduced with permission [60].
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Conclusion

Figure 23.7 IVC filter with extraluminal penetration into abdominal
aorta and common iliac artery.

With the current body of evidence-based literature, IVC
filter placement is currently only indicated in patients
with acute VTE who have absolute contraindications to
anticoagulation or patients with recurrent VTE despite
anticoagulation. Once contraindications to anticoagulation have resolved, anticoagulation should be resumed
for life unless the filter is removed. Current literature does
not identify an ideal IVC filter and no head-to-head randomized comparisons have been performed. Additional
investigation with structured, methodologically sound
trials are needed to determine the subset of high-risk
patients that would derive the greatest clinical benefit
from the placement of a prophylactic IVC filter. Despite
frequent re-evaluation for pharmacological anticoagulation, many patients do not undergo IVC filter retrieval
for a number of reasons. Thus the future of retrievable
filters will depend upon the implementation of systemic
programs to ensure their eventual removal.
Objectives
1. Understand epidemiology of DVT/PE.
2. Review of data supporting use of IVC filters.
3. List complications of IVC filters.
4. Review indications for insertion of IVC filters.

Review Questions (See end of
Chapter for Answers)

Figure 23.8 Extraluminal penetration with aortic and renal pseudoaneurysms. Source: Reproduced with permission [66].

filter-related complications being reported to the FDA
between 2000 and 2010 [62] with the majority of adverse
events occurring >30 days post-implantation. At the time
of publication, there was no data in the literature reporting vascular access site complications (i.e. hematoma)
for IVC filter placement. During insertion, symptomatic
access site DVT occurred in 3% of patients undergoing
IVC filter placement [63]. IVC filter migration occurs
in 1.5–3% of patients, however data is mainly limited to
case-series. Other complications relating to retained IVC
filters include strut fracture with a reported incidence of
10–40% [64, 65], case reports of filter erosion through the
IVC (Figures 23.7 and 23.8) [66–68], and IVC thrombosis
or obstruction occurring in 0–7% [69].

a. What percentage untreated of DVTs develop PEs?
A. 10
B. 20
C. 40
D. 50
b. What is the incidence of SCD with PE?
A. 5
B. 10
C. 25
D. 40
c. Prophylactic IVC filter placement for patients
undergoing gastric bypass surgery is a class 1
indication.
A. True
B. False
d. IVC filters are indicated for primary prevention
of PE in patients undergoing catheter directed
thrombolysis of LE iliofemoral DVT.
A. True
B. False
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e. Head to head comparisons of retrievable vs. permanent IVC filters demonstrate equivalent outcomes when used to treat trauma patients.
A. True
B. False
f. Placement of an IVC filter averts the need for oral
anticoagulation.
A. True
B. False
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Summary
Treatment paradigms for bleeding and major vascular injury have evolved with the rise of endovascular
surgery. Just over 2% of trauma patients suffer a vascular
injury. The decision for endovascular or open intervention should be guided by the patient’s clinical status,
anatomy of the injury, and the resources available. Early
endovascular procedures for solid organ injury are independently associated with a 35% reduction in mortality
risk after controlling for major confounders, including
mechanism of injury and presence of hypotension on
arrival. In all-comers, the arterial injuries are transection
(35%), occlusion (17%), partial transection/flow limiting
defect (25%), pseudoaneurysm (9.0%), and other injuries
including intimal defects (23%). Over half of the patients
can be managed with non-operative management with
a low 4% failure rate and conversion to intervention.
Definitive endovascular and open repair were used in
<10% and <25% of all patients, respectively, presenting
to level 1 trauma centers.

Introduction
In a recent review of the National Trauma Data Bank
(NTDB) from 2002 to 2010 that encompassed nearly
3.9 million patients, only 2.2% suffered a vascular
injury [1]. The American Association for the Surgery of
Trauma (AAST) PROspective Vascular Injury Treatment
(PROOVIT) registry reported the recent demographic,
diagnostic, treatment, and outcome data on vascular
injuries [2]. Of the total of 542 injuries recorded, 36.5%
were penetrating. The distribution of the arterial injuries

in PROOVIT was head/neck (26.7%), thorax (10.4%),
abdomen/pelvis (7.8%), upper extremity (18.4%), and
lower extremity (26.0%). The nature of the arterial injuries
was transection (24.3%), occlusion (17.3%), partial transection/flow limiting defect (24.5%), pseudo-aneurysm
(9.0%), and other injuries including intimal defects
(22.7%). Over half of the patients were managed with
non-operative management, of which only 4% were
considered a failure and required an intervention. Definitive endovascular and open repair were used in 7.4%
and 23.2% of the patients, respectively, in PROOVIT.
Damage-control maneuvers were used in 57 (10.5%),
including ligation (31, 5.7%) and shunting (14, 2.6%).
Re-intervention following the initial intervention was
required in only 7.7% of the patients.
In trauma patients, the frequency of early deaths is
much higher than that of late deaths. Most of these
early in-hospital deaths are caused by hemorrhage, and
deaths among these patients occur at a median of 2.6
hours after admission. Mortality rates of injured patients
presenting with hemodynamic instability exceeds 50%
in several military and civilian studies, and hemorrhage
is the leading cause of death in recent military conflicts.
Treatment paradigms for bleeding and major vascular injury have evolved with the rise of endovascular
surgery. Medical management and observation have
been shown to be effective for a range of arterial and
venous injuries, particularly subcentimeter intimal flaps
or intramural hematomas. The decision for endovascular or open intervention should be guided by the
patient’s clinical status, the anatomy of the injury, and the
resources available. An analysis of the NTDB reported
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Table 24.1 Cervical vascular organ injury scale.
Gradea

Description of injury

I

Thyroid vein
Common facial vein
External jugular vein

II

Non-named arterial/venous branches
External carotid arterial branches (ascending
pharyngeal, superior thyroid, Iingual, facial maxillary,
occipital, posterior auricular)
Thyrocervical trunk or primary branches
Internal jugular vein
External carotid artery

III

Subclavian vein
Vertebral artery
Common carotid artery

IV

Subclavian artery
Internal carotid artery (extra-cranial)

V
a Increase

one grade for multiple grade III or IV injuries involving more
than 50% vessel circumference. Decrease one grade for less than
25% vessel circumference disruption for grade IV or V.
Source: From American Association for the Surgery of Trauma
(2016) [8].

that 8.1% of acute arterial injuries in 2003 were treated
with a catheter-based therapy, compared to only 2.1% in
1994. In the same study, nearly equal numbers of blunt
(55%) and penetrating (45%) injuries were treated with
endovascular therapy [3]. Using multivariable regression
to control for differences in injury severity score (ISS) and
associated injuries, mortality was significantly lower for
patients undergoing endovascular procedures including
those with an arterial injury of the torso or head and
neck [3]. A more recent study, also using NTDB data,
reported that 16% of all vascular injuries were treated
with an endovascular therapy, including 20% of patients
who were hypotensive at the time of the intervention
[4]. In this study, regression analysis revealed that early
endovascular procedures were independently associated
with a 35% reduction in mortality risk after controlling
for major confounders including mechanism of injury
and presence of hypotension on arrival [4].

Head and Neck Trauma
For the purposes of trauma management, the neck is
divided into three horizontal zones.
Zone 1. Extends superiorly from the thoracic inlet up
to the inferior border of the cricoid cartilage.

The major vascular structures within this zone
include the subclavian and innominate vessels, the proximal common carotid, and lower
vertebral arteries.
Zone 2. Encompasses the area from the cricoid cartilage
superiorly up to the angle of the mandible. The
distal common carotid artery and its bifurcation
along with the vertebral arteries are within this
zone.
Zone 3. Begins from the angle of the mandible and
extends up to the skull base. This zone contains
the external carotid artery branches as well as the
internal carotid and distal vertebral arteries.
The vessels within zone 2 are relatively easy to expose and
less likely to be treated by endovascular techniques. Interventions on vessels within zones 1 and 3 are more difficult
to identify and control, and vascular injuries in these areas
prompt an arteriogram and endovascular interventions.
Carotid
Blunt carotid injury is observed in 1–2.6% of cases
suffering blunt trauma and in 2.7% of patients with
severe multi-system trauma [5]. Blunt carotid injury has
been associated with a high stroke rate (up to 60%) and
high mortality rate (19–43%) [6]. Recent data indicate
that symptoms occur after a mean of 12.5 hours in survivors, and after a mean of 19.5 hours in non-survivors.
AAST has a grading scale for all cerebrovascular injury
(Table 24.1), but Biffl devised a scale for blunt cerebrovascular injury which links anatomic findings with prognosis
and treatment [7] (Table 24.2). Two-thirds of mild intimal
injuries (grade I) heal, regardless of therapy. Dissections
or hematomas with luminal stenosis (grade II) progress
despite heparin therapy in 70% of cases. Only 8% of
pseudoaneurysms (grade III) heal with heparin, but 89%
resolve after endovascular stent placement. Occlusions
(grade IV) do not recanalize in the early post-injury
period. Grade V injuries (transections) are lethal and
refractory to intervention. Stroke risk increases with each
injury grade. Severe head injuries (Glasgow Coma Scale
score ≤6) were found in 46% of patients and confounded
evaluation of neurologic status. A review of the Denver experience found a 17% incidence of stent-related
complications and 45% occlusion rate, suggesting that
risks of endovascular intervention exceed benefits [9].
On the other hand, the Memphis group reported a
good safety and patency record with endovascular intervention [10]. Traumatic internal carotid artery (ICA)
pseudoaneurysms are safely treated with daily aspirin,
embolic monitoring, and radiographic surveillance.
Acute stroke or hemorrhage, or delayed radiographic
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Table 24.2 Blunt cerebrovascular injury.
Bifﬂ scale of blunt cerebrovascular injury [7]
Grade I Mild intimal injury or irregular intima
Grade II Dissection with raised intimal ﬂap/intramural hematoma with luminal narrowing >25%/intraluminal thrombosis
Grade III Pseudoaneurysm
Grade IV Vessel occlusion/thrombosis
Grade V Vessel transection
Treatment and prognosis
Grade I Heals regardless of therapy
Grade II 70% of dissections or hematomas with luminal stenosis progress while on heparin therapy
Grade III Only ∼8% of pseudoaneurysms heal with heparin and ∼90% resolve after stenting
Grade IV Occluded carotid arteries do not recanalize in the early post-injury period
Grade V Transections are lethal and refractory to therapy

progression, are indications for endovascular or surgical
treatment. A recent meta-analysis on endovascular management of carotid dissections suggests the following
criteria for stenting: (i) patients with recurrent symptoms
despite medical therapy, (ii) patients with hemodynamic
hypoperfusion (involvement of multiple vessels or poor
collateral vessels), (iii) patients with expanding or symptomatic pseudoaneurysm, and (iv) contraindication
to anticoagulation because of intracranial or systemic
hemorrhage [11].
Vertebral
The reported incidence of vertebral artery injury is highly
variable in the literature, ranging from 0.5% to 2% of
all trauma patients) [7, 9, 12]. Some series have found
coexisting vertebral artery injury in up to 20% of patients
with head injuries. Traumatic vertebral artery injuries
may result in devastating consequences if unrecognized
and untreated, with stroke rates close to 25% and mortality rates reported as high as 31% [10, 13]. Trans-arterial
embolization with gelfoam, coils, or N-butyl cyanoacrylate is a fast and effective method for the treatment of
an active hemorrhage [14]. Bare metal stents have been
used to treat arterial dissections that are failing medical
therapy and bare metal stents with adjunctive coiling
have been used to treat pseudoaneurysms. If possible,
a balloon occlusion test should be performed prior to
vessel sacrifice in patients with significant associated
injuries if the patient’s clinical status allows for it. If
a neurological deficit develops or worsens during the
temporary balloon occlusion, the collateral circulation
is considered inadequate for vessel sacrifice. However,
baseline neurological status is a critical factor when
evaluating treatment strategies for a patient with neurovascular trauma. Several studies have shown that patient

outcomes are associated with the severity of existing
neurological deficits at time of treatment, for both blunt
and penetrating trauma [15–17].

Resuscitative Endovascular Balloon
Occlusion of the Aorta
Resuscitative endovascular balloon occlusion of the aorta
(REBOA) is a feasible and effective means of proactive
aortic control for patients in end-stage shock from blunt
and penetrating mechanisms. Patients presenting with
penetrating injuries to the chest or severe pelvic injuries
may have initial resuscitation augmented by an aortic
occlusion balloon [18, 19]. Successful civilian REBOA
use in the field has been reported in Europe [20]. Despite
potential advantages over trauma thoracotomy with
aortic cross-clamping, REBOA for trauma has not been
widely adopted. Broader application of this procedure has
lagged because of latent technology, a poorly understood
skill set, and/or anticipated ineffectiveness of the technique. There are five steps to be considered in REBOA:
arterial access, balloon selection and positioning, balloon
inflation, balloon deflation, and sheath removal. In a study
of resuscitative thoracotomy with aortic cross-clamping
(RT; n = 72) and REBOA (n = 24) in trauma patients in
profound hemorrhagic shock, REBOA had fewer early
deaths and improved overall survival as compared with
RT (37.5% vs. 9.7%; p = 0.003); there was no difference
in chest and abdominal Abbreviated Injury Scale (AIS)
scores between the groups [21]. From November 2013
to February 2015, the AAST Aortic Occlusion for Resuscitation in Trauma and Acute Care Surgery registry
prospectively identified 114 patients who required aortic
occlusion for resuscitation in traumatic shock (REBOA,
46; open aortic occlusion, 68); over 62% suffered from
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blunt injuries [22]. Aortic occlusion occurred either in
the emergency department (74%) or in the operating
room (26%). Hemodynamic improvement after aortic
occlusion was observed in 62% (REBOA, 67%; open OA,
62%), 36% achieved stability (systolic blood pressure
consistently >90 mmHg, >5 minutes, REBOA 22 of 46
[48%], open aortic occlusion 19 of 68 [28%; p = 0.014].
Complications of REBOA were uncommon (pseudoaneurysm 2.1%, embolism 4.3%, limb ischemia 0%).
There was no difference in time to successful aortic occlusion between REBOA and open procedures (REBOA,
6.6 ± 5.6 minutes; open aortic occlusion 7.2 ± 15.1;
p = 0.842). Overall survival was 21% (24 of 114), with no
significant difference between REBOA and open aortic
occlusion with regard to mortality (REBOA, 28% [13 of
46]; open aortic occlusion, 16% [11 of 68]; p = 0.120).
In a systematic review (1946–2015) of REBOA for both
traumatic and non-traumatic hemorrhagic shock, Morrison et al. concluded that there was no clear reduction in
hemorrhage-related mortality despite a pooled increase
in mean systolic pressure of 53 mmHg with REBOA [23].
Thoracic Trauma
While aortic trauma accounts for less than 0.5% of all
trauma admissions, it constitutes the second leading
cause of trauma-related death after head injury. Between
75% and 90% of those sustaining a blunt thoracic aortic injury will expire in the pre-hospital setting, and
approximately half of those surviving transport to a
hospital will survive more than 24 hours. Early computed
tomography (CT) scanning allows for the assessment
of other life-threatening injuries, triage of trauma care,
and focused resuscitation (Figure 24.1). Pharmacologic
control of blood pressure and heart rate dramatically
reduces the risk of rupture in the admitted patient to
<2% [10]. The majority of aortic injury occurs at the isthmus (70–90%) with the ascending aorta/proximal arch
(10–15%) and mid-descending aorta (5–10%) accounting
for the reminder. Thoracic aortic injury can be categorized by the system described by Parmley (Table 24.3)
[24]. In 2008, the AAST Thoracic Aortic Injury Study
Group reported on the comparative outcomes of open
and endovascular repair of blunt aortic injury since the
introduction of thoracic endovascular repair [25]. The
study group found no differences in the systemic complication rate but a significant reduction in gross mortality
(odds ratio 3.97; p = 0.001) with endovascular repair
compared with open repair (Figure 24.1). However,
18.4% of patients undergoing thoracic endovascular aortic repair (TEVAR) had some form of stent-graft-specific
complication, most notably endoleak at 13.6% [25].

Table 24.3 Thoracic aortic injury pathological classiﬁcation [24].
Grade

Pathology

1
2
3

Intimal hemorrhage
Intimal hemorrhage plus intimal laceration
Laceration into the aortic media

4
5
6

Complete aortic laceration (transection)
Pseudoaneurysm
Complete aortic laceration with active hemorrhage

Independent predictors of a poor early outcome include
age >60 years, increasing preoperative creatinine, and
occurrence of post-operative spinal cord ischemia.
Independent predictors of late mortality included age
>60 years, increasing creatinine, and occurrence of
post-operative spinal cord ischemia [26].
Abdominal Aorta
Injury to the abdominal aorta after blunt trauma occurs
much less frequently than injury to the thoracic aorta and
is often associated with extensive intraperitoneal injuries
[27]. It accounts for only 5% of blunt aortic injuries.
Abdominal aorta zones of injury are classified according
to zones. Zone I injuries occur from diaphragmatic hiatus
to the superior mesenteric artery (SMA). Zone II injuries
include the SMA and the renal arteries. Zone III injuries
are from the inferior aspect of the renal arteries to the
aortic bifurcation. Zone III injuries are treatable with
standard endografts, while Zone I and II lesions would
require adjuncts (parallel grafts or debranching grafts) or
fenestrated endovascular aortic aneurysm repair (EVAR)
devices. Non-operative management with blood pressure
control using β-blockers coupled with antiplatelet therapy
and close follow-up is successful in individuals with intimal tears (≤10 mm) with minimal thrombus formation
[27]. Uncomplicated large intimal flaps (>10 mm) can be
initially managed non-operatively with repeat imaging ≤7
days to assess progression [28]. Evidence for progression
should be managed, when possible, with endovascular
repair. Patients with pseudoaneurysms should be considered for semi-elective (<1 week) repair if there is a
high likelihood of survival from other associated injuries.
Pseudoaneurysms of the Zone III abdominal aorta can
also easily be managed by stent-graft placement [28]. Free
rupture remains a devastating injury, with near 100%
mortality. For all other categories of aortic injury, successful repair correlates with a favorable prognosis. Among
those who survive the transport to hospital, mortality
rates range from 32% to 78% with hemorrhagic shock
being the most common cause of associated mortality.
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(b)

(c)

Figure 24.1 TEVAR for trauma. Thoracic CT scan with contrast showing a Grade 4 thoracic injury (a and b). This was treated with a TEVAR
device with satisfactory seal (c).

Outcomes in cases requiring a resuscitative thoracotomy remain poor. Mortality varies by the type of aortic
injury. Based on recent literature, aggregate mortality
for all-comers is 11%. In cases treated by endovascular
repair, the long-term durability of aortic endografts for
abdominal aortic trauma has not been well described [28].

Chest
Heart
Blunt traumatic rupture of the heart and pericardium,
rarely diagnosed preoperatively, carries an ∼80%

mortality rate [29]. Concomitant myocardial infarction
with blunt chest trauma is an extremely rare entity,
but when it occurs one must be suspicious of coronary
artery injury. Coronary pathology is best demonstrated
by coronary angiography [30]. Myocardial infarction
(MI) following blunt chest trauma is rarely diagnosed
because the ensuing cardiac pain is commonly attributed
to contused myocardium or the traumatic injuries in the
local chest wall. Case reports have shown both intimal
tears at the proximal left anterior descending artery
with normal flow and nearly total occlusion of the left
anterior descending artery associated with filling defects,
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probably caused by an intracoronary thrombus; all were
treated conservatively [31, 32]. Only on occasion was
systemic or catheter-directed thrombolysis required
[33].
Lung and Chest Wall
Traumatic pulmonary artery dissections have been
described [34–36]. The mechanism is likely similar
to that seen in the aorta as a result of shearing forces
and differential deceleration of the mediastinum and
the spine. Traumatic pulmonary artery dissections will
usually resolve or remain stable unless associated with
pulmonary hypertension, in which case the risk of
bleeding may be quite high [34, 37]. Successful covered
stent implantation with additional coil embolization has
been described for traumatic penetrating pulmonary
artery pseudoaneurysm [38]. Traumatic pulmonary
vein pseudoaneurysm can be treated by percutaneous
trans-parenchymal access and coiling or stent-graft
placement [39]. Rib fracture is a common injury resulting from blunt thoracic trauma. Although hemothorax
and pneumothorax are known delayed complications
of rib fracture, chest wall hematomas occur in closed
tissue, and thus allow for effective embolization [40–42].
The AAST Thoracic Vascular Injury Scale is shown in
Table 24.4.

Abdominopelvic Trauma
Abdominal organ injuries are found in 20–30% of
patients with multi-organ injuries (Table 24.5). CT seems
to be a better indicator of significant vascular injury with
the associated high risks when compared to a discordant
negative conventional angiogram [43]. As a result empiric
embolization of the injured segments might be considered to improve outcomes in this setting. Percutaneous
trans-arterial embolization has been shown to be effective for controlling ongoing bleeding for patients with
high-grade abdominopelvic injuries while preserving
maximal organ function [43]. The AAST Vascular Injury
Scale is shown in Table 24.5.
Liver
The liver is one of the most frequently injured abdominal
organs. Hepatic artery angio-embolization is increasingly
used for hepatic injuries with ongoing bleeding as demonstrated by contrast extravasation on the CT scan. In liver
trauma, the injured liver is more susceptible to ischemic
injury from arterial embolization with subsequent
infarct, biloma, and abscess formation. When needed,
angio-embolization should be performed as selectively

Table 24.4 Thoracic vascular injury scale.
Gradea

Description of injury

I

Intercostal artery/vein
Internal mammary artery/vein
Bronchial artery/vein

II

Esophageal artery/vein
Hemizygous vein
Unnamed artery/vein
Azygos vein
Internal jugular vein
Subclavian vein
Innominate vein

III

Carotid artery
Innominate artery
Subclavian artery

IV

Thoracic aorta, descending
Inferior vena cava (intrathoracic)
Pulmonary artery, primary intraparenchymal branch

V

VI

Pulmonary vein, primary intraparenchymal branch
Thoracic aorta, ascending, and arch
Superior vena cava
Pulmonary artery, main trunk
Pulmonary vein, main trunk
Uncontained total transection of thoracic aorta or
pulmonary hilum

a Increase one grade for multiple grade III or IV injuries if more than
50% circumference; decrease one grade for grade IV injuries if less

than 25% circumference.
Source: From American Association for the Surgery of Trauma
(2016) [8].

as possible. Subsequent surveillance for ischemic liver
injury complications should be instated and, if required,
timely therapeutic interventions considered [43]. The
outcomes of hepatic angio-embolization were generally
favorable with a high success rate. In a recent systemic
review, the efficacy rate of angio-embolization was 93%
[44]. The most frequently reported complications following hepatic angio-embolization included hepatic necrosis
(15%), abscess formation (7.5%), and bile leaks [44].
Overall mortality in hepatic artery angio-embolization
is reported at fewer than 20% but with a liver-related
morbidity of approximately 30% usually presenting as
gallbladder or liver necrosis. The combination of the
presence on CT scan of grade 4 or 5 lesion and the
fluid requirements of more than 2000 ml h−1 to maintain normotension indicated the absolute necessity of
surgery and are a contraindication to hepatic artery
angio-embolization. The AAST Liver Injury Scale is
shown in Table 24.6.
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Table 24.5 Abdominal vascular injury scale.
Gradea

Description of injury

I

Non-named superior mesenteric artery or superior mesenteric vein branches
Non-named inferior mesenteric artery or inferior mesenteric vein branches
Phrenic artery or vein
Lumbar artery or vein
Gonadal artery or vein
Ovarian artery or vein
Other non-named small arterial or venous structures requiring ligation
Right, left, or common hepatic artery
Splenic artery or vein

II

Right or left gastric arteries
Gastro-duodenal artery
Inferior mesenteric artery, or inferior mesenteric vein, trunk
Primary named branches of mesenteric artery (e.g. ileocolic artery) or mesenteric vein
Other named abdominal vessels requiring ligation or repair
Superior mesenteric vein, trunk

III

Renal artery or vein
Iliac artery or vein
Hypogastric artery or vein
Vena cava, infrarenal
IV

Superior mesenteric artery, trunk
Celiac axis proper
Vena cava, suprarenal, and infrahepatic
Aorta, infrarenal
Portal vein extra-parenchymal hepatic vein
Vena cava, retrohepatic or suprahepatic

V

Aorta suprarenal, sub-diaphragmatic
a This

classiﬁcation system is applicable to extra-parenchymal vascular injuries. If the vessel injury is within

2 cm of the organ parenchyma, refer to speciﬁc organ injury scale. Increase one grade for multiple grade III
or IV injuries involving >50% vessel circumference. Downgrade one grade if <25% vessel circumference
laceration for grades IV or V. NS, not scored.
Source: From American Association for the Surgery of Trauma (2016) [8].

Table 24.6 Liver injury scale (1994 revision).
Gradea

Type of injury

Description of injury

Hematoma

Subcapsular, <10% surface area

III

Laceration
Hematoma
Laceration
Hematoma

Capsular tear, <1 cm parenchymal depth
Subcapsular, 10–50% surface area intra-parenchymal <10 cm in diameter
Capsular tear 1–3 parenchymal depth, <10 cm in length
Subcapsular, >50% surface area of ruptured subcapsular or parenchymal hematoma;

IV

Laceration
Laceration

intra-parenchymal hematoma >10 cm or expanding
>3 cm parenchymal depth
Parenchymal disruption involving 25–75% hepatic lobe or 1–3 Couinaud’s segments

V

Laceration

I
II

VI
a Advance

Vascular

Parenchymal disruption involving >75% of hepatic lobe or >3
Couinaud’s segments within a single lobe
Juxtahepatic venous injuries, i.e. retrohepatic vena cava/central major hepatic veins

Vascular

Hepatic avulsion

one grade for multiple injuries up to grade III.

Source: From American Association for the Surgery of Trauma (2016) [8].
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Table 24.7 Splenic injury scale (1994 revision).
Gradea

Injury type

Description of injury

I
II

Hematoma
Laceration
Hematoma

Subcapsular, <10% surface area
Capsular tear, <1 cm parenchymal depth
Subcapsular, 10–50% surface area intra-parenchymal, <5 cm in diameter

III

Laceration
Hematoma

Capsular tear, 1–3 cm parenchymal depth that does not involve a trabecular vessel
Subcapsular, >50% surface area or expanding; ruptured subcapsular or parenchymal
hematoma; intra-parenchymal hematoma >5 cm or expanding
>3 cm parenchymal depth or involving trabecular vessels

IV

Laceration

Laceration

V

a Advance

Laceration

Laceration involving segmental or hilar vessels producing major devascularization
(>25% of spleen)
Completely shattered spleen

Vascular

Hilar vascular injury which devascularizes spleen

one grade for multiple injuries up to grade III.

Source: From American Association for the Surgery of Trauma (2016) [8].

Spleen
Splenic injuries constitute the most common injuries
accompanying blunt abdominal traumas. Surgery
remains the gold standard for treating patients with
splenic injuries and associated hemodynamic instability; it has constituted 31–50% of cases reported in the
literature [45]. Non-operative treatment is currently the
standard for treating hemodynamically stable patients
with blunt splenic injuries. Finding a subcapsular splenic
hematoma in CT is an independent risk factor associated with high rates of non-operative management
failure. Prophylactic interventions are recommended,
even in low-grade splenic injuries, when a subcapsular
splenic hematoma is present [43]. In a Delphi’s study,
based on the opinions of 30 international experts, the
recommended time to begin splenic artery embolization in cases of intraperitoneal bleeding was 60 minutes
(79% of experts), while it was 30–60 minutes in cases
of intraperitoneal bleeding (92% of experts) [46]. The
failure rate of splenic embolization is approximately 10%.
No significant difference was found in the frequency
of major complications (bleeding, splenic infarction,
and infection) [47]. A comparable number of serious
complications were observed that required splenectomy after proximal versus distal embolization, while
minor complications that did not require splenectomy
occurred more often after distal embolization. Many
studies have attempted to establish prognostic factors for
non-operative treatment failure in patients with blunt
spleen injuries in stable hemodynamic conditions. The
failure predictors of non-operative spleen injury treatment have included age older than 50 years old, severe
spleen injury estimated according to the AAST scale, the

presence of a large hematoma in the peritoneal cavity,
and injury severity estimated using the ISS. In a systemic
review by Olthof et al., age ≥ 40 years old, severity of
injury according to ISS ≥ 25 and grade of spleen injury
according to AAST scale ≥3 were counted among the
strong predictors of conservative treatment failure [48].
In the NTDB, trauma associated splenic artery aneurysms
are associated with blunt trauma and are currently most
often treated by surgical ligation of aneurysm rather than
by endovascular intervention [49]. The AAST Splenic
Injury Scale is shown in Table 24.7.
Renal
Most renal injuries (90%) are due to blunt trauma causing
direct damage (e.g. accidents or crush injuries) or indirect
damage causing instantaneous displacement of the kidney
(e.g. fall). Penetrating injuries account for the remaining
10% [50]. About 40% have associated intra-abdominal
injuries. Severe renal injuries are usually associated with
multisystem injuries, may require endovascular intervention to control hemorrhage and improve the chances for
renal salvage, and are more likely to fail non-operative
management. However, most renal injuries are mild in
severity and successfully managed conservatively. All
grade 1 and 2 renal injuries due to blunt or penetrating
trauma can be treated non-operatively. The results of
the non-operative treatment of grade 3 injuries support expectant treatment. Most patients with grade 4
and 5 injuries present with major associated injuries
and these patients are often treated with exploration;
sometimes nephrectomy is preferred for treatment. The
AAST classification is the most widely used system to
describe renal injuries and carries management and
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Table 24.8 Kidney injury scale.
Gradea

Type of injury

Description of injury

I
II

Contusion
Hematoma
Hematoma

Microscopic or gross hematuria, urologic studies normal
Subcapsular, non-expanding without parenchymal laceration
Non-expanding perirenal hematoma conﬁrmed to renal retroperitoneum

III

Laceration
Laceration

IV

Laceration

<1.0 cm parenchymal depth of renal cortex without urinary extravasation
<1.0 cm parenchymal depth of renal cortex without collecting system rupture or urinary
extravasation
Parenchymal laceration extending through renal cortex, medulla, and collecting system

V

Vascular
Laceration
Vascular

Main renal artery or vein injury with contained hemorrhage
Completely shattered kidney
Avulsion of renal hilum which devascularizes kidney

a Advance one grade for bilateral injuries up to grade III.
Source: From American Association for the Surgery of Trauma (2016) [8].

prognostic implications. CT with intravenous contrast
is the imaging test of choice to assess for renal injuries.
Contrast extravasation indicating active bleeding should
be mentioned, as its presence is predictive for failure of
non-operative management [51]. Super selective transcatheter renal artery remobilization is the treatment
option for hemorrhage due to non-iatrogenic blunt renal
trauma and low-grade penetrating renal trauma. Arteriovenous fistulae (AVF) usually present with belated onset
of significant hematuria, most often after penetrating
trauma. Percutaneous embolization is frequently effective for symptomatic AVF [52]. The AAST Kidney Injury
Scale is shown in Table 24.8.
Mesenteric
Mesenteric bleeding is a rare but potentially lifethreatening complication of blunt abdominal trauma
[53]. It can induce active hemorrhage and a compressive
hematoma leading to bowel ischemia [54]. In mesenteric
injury cases with limited intestinal damage, TAE may
therefore be a reasonable alternative to emergent laparotomy [55, 56]. Catheter-directed embolization can be
performed safely with a low but meaningful complication
of adjacent bowel ischemia requiring resection [57].
Post-traumatic AVF affecting the proximal portions of
the superior mesenteric can be successfully treated by
percutaneous steel coil embolization [58].
Pelvis
Pelvic ring disruptions make up 3% of all skeletal fractures [59]. Motor vehicle collisions are the most common
mechanism of injury, accounting for the 60% of pelvic
fractures followed by falls (30%) and crush injuries (10%)
[60]. Pelvic ring injuries are associated with significant

morbidity and mortality. The sources of pelvic bleeding
are of venous origin in the vast majority of cases that
cannot be addressed with embolization [61]. Arterial
hemorrhage is one of the most urgent problems associated with pelvic fracture and hemorrhagic shock can
occur in 10–15% of patients with pelvic ring injuries [62].
Arterial injury, most commonly from a major branch of
the internal iliac artery, carries poor prognosis, especially
when larger arteries are involved [63]. Hemorrhage from
pelvic trauma with associated fracture can carry up to
a 50% mortality rate and immediate recognition and
treatment of this life-threatening condition is critical in
emergency management [64]. The time to angiography
was nearly threefold the time for operative pelvic packing
(130 vs. 45 minutes, respectively) [61]. Indications for
angiography are hemodynamic instability refractory to
resuscitation, partially responsive patients with contrast
extravasation on CT scan, and progressive decline in
hemoglobin level requiring ≥4 units of blood within
eight hours [62]. Percutaneous transcatheter Gelfoam
embolization has been shown to be safe and efficacious
when used to treat pelvic hemorrhage. The endpoint
of embolization is when stagnant flow is reached with
pruning of distal branch vessels on arteriogram. Complications of skin necrosis, sloughing, pelvic perineal
infection, and nerve injury have been reported [65].
Extremity Trauma
Injuries to lower-extremity and iliac arteries have significant morbidity and mortality. Figure 24.2 illustrates
a decision tree for diagnosis and intervention based on
clinical signs and the ankle-brachial index. The most
commonly injured peripheral artery is the superficial
femoral artery. Iliac artery injury has a reported 40%
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Soft signs of injury
•
Decreased pulses
•
History of pulsatile bleeding
•
Stable hematoma
•
Proximity to a vessel

Hard signs of injury
•
Absent pulses
•
Active hemorrhage
•
Expanding hematoma
•
Pulsatile hematoma
•
Bruit
•
Thrill

Vascular trauma

Penetrating

Blunt

Hard signs of injury

Hard signs of injury

Yes

No

No

Yes

Soft signs of injury

Intervention

Intervention

ABI

<0.9

>0.9

Angiography
Observation

<0.9

Normal

Figure 24.2 Diagnostic algorithm for blunt and penetrating extremity trauma based on hard and soft signs, the ankle-brachial index (ABI),

and angiography.

mortality [66]. Penetrating and blunt injuries to the
popliteal artery have mortalities of 11% and 28%,
respectively, and injuries to the tibial arteries have an
amputation rate of 38% [67, 68].
In the AAST PROOVIT registry, vascular injuries were
recorded in the upper extremity in 18.4% of cases and
in the lower extremity in 26.0% of cases. Major amputation was performed in 7.7% of extremity vascular injuries
[2]. Both the Western Trauma Association and the Eastern Association for the Surgery of Trauma have issued
guidelines on the management of lower extremity arterial trauma [69, 70]. The only absolute contraindication to
endovascular repair of an injury is the inability to cross a
lesion with a wire unless the goal of the procedure is hemorrhage control with embolization. The AAST Peripheral
Vascular Injury Scale is shown in Table 24.9.
A more recent study, also using NTDB data [4],
reported that endovascular treatment of the internal
iliac artery went from 8% to 40% and of the common

and external iliac arteries from 0.4% to 20%. The highest percentage of patients undergoing endovascular
therapy were those with ISS 31–50. Patients who underwent endovascular therapy have a significantly lower
in-hospital mortality rate of 13% compared to 22% in
those undergoing open repair [1]. A similar review,
but specific to peripheral arterial trauma (both upper
and lower extremity), was conducted by Worni et al.
and looked at the NTDB from 2007 to 2009 [71]. They
found that 6% of patients with extremity vascular injuries
underwent endovascular repair. These patients tended
to have higher ISS, were older, had more comorbid
illness, and had lower extremity arterial injuries than
the 94% who underwent open repair. The authors did
not find a significant difference in in-hospital mortality
between the groups after risk adjustment; however, those
undergoing endovascular repair had significantly fewer
wound complications and a shorter length of hospital
stay [71].
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Table 24.9 Peripheral vascular organ injury scale.
Gradea

Description of injury

I

Digital artery/vein
Palmar artery/vein
Deep palmar artery/vein

II

Dorsalis pedis artery
Plantar artery/vein
Non-named arterial/venous branches
Basilic/cephalic vein
Saphenous vein
Radial artery
Ulnar artery

III

Axillary vein
Superﬁcial/deep femoral vein
Popliteal vein
Brachial artery
Anterior tibial artery
Posterior tibial artery

IV
V

Peroneal artery
Tibioperoneal trunk
Superﬁcial/deep femoral artery
Popliteal artery
Axillary artery
Common femoral artery

a Increase

one grade for multiple grade III or IV injuries involving >50% vessel circumference. Decrease one grade for
<25% vessel circumference disruption for grades IV or V.
Source: From American Association for the Surgery of Trauma
(2016) [8].

Covered stents are an attractive option for the management of peripheral arterial injury, particularly in
areas that are difficult to expose surgically. In a series
of patients with lower extremity arterial trauma treated
with a covered stent, the one-year exclusion rate for
iliac lesions was 91% and was 62% for femoral lesions
[72]. In contrast, the one-year primary patency rates
for the treated iliac artery were 76% compared to 86%
for treated femoral artery: 4.8% developed stenosis and
6.5% developed occlusions [72]. Fifteen percent required
surgical bypass within one year for various indications
[72]. A second but smaller study examined the use of
covered stents in lower extremity arterial injury with
combined skeletal injury as definitive repair prior to
orthopedic fixation compared to placing a shunt with
later open surgical repair after bony fixation in 16 patients
[73]. The study revealed that the use of covered stents
significantly reduced ischemic time and operative time.
Further case reports have demonstrated that both bare
metal and covered stents can be successfully used to treat
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arterial disruptions, dissections, and pseudoaneurysms
of the iliac, superficial femoral, popliteal, and even
the tibial arteries. Other case reports demonstrate that
embolization using coils or other materials can also be
successfully performed for persistent bleeding or pseudoaneurysms from branches of the superficial femoral or
profunda femoris arteries, as well as the tibial arteries,
consistent with the published guidelines. Endovascular
recanalization of an occluded tibial artery has also been
reported [67]. Both the Western Trauma Association
and the Eastern Association for the Surgery of Trauma
guidelines endorse embolization of profunda femoris
branches or tibial vessels in appropriate patients [69, 70].
Blunt subclavian and axillary artery injuries are
relatively rare, accounting for less than 9% of all vascular injuries [74]. These injuries can contribute to
significant morbidity and mortality and usually coexist with other injuries of adjacent structures (brachial
plexus, aero-digestive tract, bone fractures, venous, and
lymphatic system) [75].
Combined subclavian artery and brachial plexus
injuries are reported in more than 50% of cases and
are associated with high morbidity and mortality rates
[76, 77]. As axillo-subclavian arterial injuries are not rare
after blunt thoracic trauma, they should be meticulously
ruled out in every trauma patient due to their poor
outcome. In 1983 Sturm and Cicero proposed five criteria
that should alert the physician to the possibility of subclavian arterial injury following blunt thoracic trauma:
(i) fractured first rib, (ii) diminished or absent radial
pulse, (iii) palpable supraclavicular hematoma, (iv) chest
film evidence of hematoma over the area of the subclavian artery or a widened superior mediastinum, and (v)
brachial plexus palsy [78]. In 2012, DuBose et al. reviewed
the literature on subclavian arterial injuries and found
34 patients from 13 studies with blunt injury treated by
endovascular means [79]. The authors concluded that
endovascular techniques constitute a reliable approach
for treating patients with blunt axillo-subclavian arterial
injuries in the emergent setting. Sinha et al. in a systematic analysis of the literature pertaining to open surgery
and endovascular management of thoracic outlet vascular
injuries failed to show superiority of one modality over
the other [80]. The evidence was weak, while all studies
were at high risk of bias.
IVC Filters
Trauma patients are at a high risk of development of
venous thromboembolism (VTE), including deep venous
thrombosis and pulmonary embolism (PE). Occurrence
of PE is thought to be the third major cause of death
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Table 24.10 Eastern Association for the Surgery of Trauma (EAST)
Guidelines for Inferior Vena Caval Filter Placement in trauma
patients without a documented DVT [81].
1. Patients who cannot receive anticoagulation because of
increased bleeding risk
2. Injury patterns include:
• severe closed head injury (Glasgow Coma Scale score <8)
• incomplete spinal cord injury with paraplegia or quadriplegia
• complex pelvic fractures with associated long bone fractures
• multiple long bone fractures

after trauma in those patients who survive longer than
24 hours after onset of injury. As a result, the Eastern
Association for the Surgery of Trauma (EAST) has developed well-accepted guidelines for IVC filter placement
in trauma patients without a documented deep venous
thrombosis (DVT) (Tables 24.10) [81]. The very temporary Angel catheter can be placed in the intensive
care unit at the bedside without fluoroscopic guidance
via a femoral venous approach [82]. The results of the
European Angel Catheter Registry demonstrated that
early bedside placement of an IVC filter in 90% of the
cases had a dwell time of mean of six days (four to eight
days) with no adverse events [83].

Learning Points
• Only 2.2% of all trauma patients in the USA
NTDB suffered a vascular injury.
• Early endovascular procedures were independently associated with a 35% reduction in
mortality risk after controlling for major confounders including mechanism of injury and
presence of hypotension on arrival.
• Acute stroke or hemorrhage, or delayed
radiographic progression, are indications
for endovascular or surgical treatment of head
and neck trauma. Blunt carotid injury has been
associated with a high stroke rate (up to 60%)
and high mortality rate (19–43%).
• REBOA is a feasible and effective means of
proactive aortic control for patients in end-stage
shock from blunt and penetrating mechanisms.
• Percutaneous trans-arterial embolization has
been shown to be effective for controlling
ongoing bleeding for patients with high-grade

abdominopelvic injuries while preserving
maximal organ function.
• Endovascular techniques constitute a reliable approach for treating patients with blunt
axillo-subclavian arterial injuries in the emergent setting.
• Prophylactic retrievable IVC filters are recommended in trauma patients with severe closed
head injury (Glasgow Coma Scale score <8),
incomplete spinal cord injury with paraplegia
or quadriplegia, complex pelvic fractures with
associated long bone fractures, multiple long
bone fractures, and accepted contraindications
to anticoagulation.

Review Questions (see end of
Chapter for Answers)
a. In patients with blunt injury to the carotid, the
occlusion rate of carotid stents is
A. 0–10%
B. 11–20%
C. 21–30%
D. 31–40%
E. 41–50%
b. Percutaneous trans-arterial embolization has
been shown to be effective for controlling
ongoing bleeding for patients with high-grade
abdominopelvic injuries. The reduction in
mortality is in the range of
A. 0–10%
B. 11–20%
C. 21–30%
D. 31–40%
E. 41–50%
c. In the setting of a blunt aortic injury and a
<10 mm intimal flap, the recommended therapy is
A. non-operative intervention
B. endovascular intervention
C. open exploration
d. Which of the following patients does not require
a prophylactic inferior vena caval (IVC) filter?
A. Severe closed head injury (Glasgow Coma
Scale score <8)
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B. Incomplete spinal cord injury with paraplegia
or quadriplegia
C. Complex pelvic fractures with associated long
bone fractures
D. Chest trauma with isolated thoracic aortic
transection
E. All of the above
e. Which of the following is not considered a soft
sign of vascular injury?
A. Bruit
B. Decreased pulses
C. History of pulsatile bleeding
D. Proximity to a vessel
E. Stable hematoma
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vascular closure device complications 234
femoral head fluoroscopy 232
femoro-popliteal interventions 167–77
atherectomy 175–6
balloon angioplasty 168–9
bare metal stents 169–71
biodegradable stents 177
covered stents 172
cryoplasty (cold balloon angioplasty) 175
drug-eluting balloons 172–5
drug-eluting stents 171–2
excimer laser-assisted angioplasty 176
wire-interwoven (Supera) stent 171
FEMPAC trial 173
fenestrated endovascular aneurysm repair
68–9, 83, 88, 90
fistula
aorto-enteric 93
arteriovenous 231
flash pulmonary edema 123
foamy macrophages 3
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Index

Fogarty catheter 212
fractional flow reserve 127
free-floating thrombi 282
Gardner protocol 18
GREAT trial 131
HATS trial 9
head trauma 292–3
heart trauma 295–6
hemangiomas 144
hematoma
radial access site 236–7
retroperitoneal 230
HERCULES trial 127
high-density lipoprotein (HDL) 4–5, 6–7,
8–9
hypertension
acute aortic syndrome 115
aortic dissection 103
renovascular 121–2
venous 244, 252

ICOPER trial 273
iliac artery
aneurysm 85–6, 162
dissection 163
injury 300, 301
perforation/rupture 164
iliac branch endoprosthesis 85–6
iliac limb occlusion, post-EVAR 92–3
iliofemoral occlusion 163
ILLUMINATE trial 9
ILLUSTRATE trial 9
IMPROVE trial 87
IMS III trial 54
Indigo System 214–15, 246, 248, 271
infection
endograft 93
post-PCI 232
inferior vena cava filters 275–86
bariatric surgery 280–1
complications 285–6
contraindications 285
designs 276
expanded indications 278–82
free-floating thrombi 282
historical background 275
intracranial tumours 281
IVUS-guided placement 285
malignancy 279
megacava 284
percutaneous placement 283–4
poor cardiopulmonary reserve 279–80
pregnancy 280
primary indications 275, 277–8
pulmonary embolism 273
retrievable 283
surgical cut-down method 283
thrombectomy/thrombolysis patients 282
trauma 278–9, 301–2

®

trends in usage 282
venous thromboembolism 277, 278
inflammation 2
infrarenal neck measurements 79–80
innominate artery stenting 31–3
IN.PACT DEEP trial 200
IN.PACT SFA I/II trials 173–4
INSTEAD trial 106
INSTEAD-XL trial 116
intermittent claudication 167
internal iliac artery embolization 85
INTRACOIL trial 169
intracranial tumours, IVC filters 281
intramural hematoma 100–1, 111, 113
intravascular ultrasound (IVUS)
aortoiliac arteries 156
chronic venous disease 255
IVC filter placement 285
stent sizing for renal artery stenosis 131
ischemic nephropathy 122
Jetstream

198

kidney injury 298–9
KimRa–Greenfield filter 275
Klippel Trenaunay syndrome 151
KT vein 151
LACI trial 176
LAMA trial 259
landing zones 65–6, 117
LARA trial 258
laser therapy
atherectomy 198
chronic venous disease 257–8
femoro-popliteal disease 176
left subclavian artery coverage 106–7, 117
LEVANT I trial 173
liver trauma 296
lung trauma 296
lymphatic malformations 151–2
macrophages 3
magnetic resonance angiography (MRA)
acute aortic syndrome 113–14
acute limb ischemia 211
aortic dissection 102
aortoiliac arteries 156
peripheral arterial disease 23–4
renal artery stenosis 124
magnetic resonance imaging (MRI) 10
magnetic resonance venography 255
malperfusion syndromes 99, 101, 102
MARADONA trial 259
marginal artery of Drummond 135–6
matrix metalloproteinases 3
May–Thurner syndrome 248–50, 255
meandering mesenteric artery 135–6
mechanochemical ablation (MOCA) 259
median arcuate ligament syndrome 140
megacava 284

MEGS graft 80
mesenteric injury 299
mesenteric ischemia 135–40
acute 138–40
anatomic considerations 135–6
chronic total occlusion 140
complications of endovascular therapy
137–8
endovascular therapy 136–7
indications for treatment 136
median arcuate ligament syndrome 140
no-touch technique 137
non-occlusive 138
open surgical repair 140
presentation 135
stenting 137
symptoms 135
micropuncture 233
microRNAs 7
microspheres 145–6
mini heparin 246, 270
MISAGO-2 trial 169–70
Mobin–Uddin filter 275
MR angiography see magnetic resonance
angiography
MR CLEAN trial 55–6
MR RESCUE trial 54–5
Najuta endograft 69
National Trauma Data Bank 291–2, 300
near-infrared spectroscopy (NIRS) 9–10
neck trauma 292–3
Nellix endovascular aneurysm sealing 71,
83
netrin-1 6
neuro-ischemic ulcer 190
niacin 7, 8–9
nitric oxide 2
no-touch technique 128, 137
OASIS trial 176
Onyx 146–7
open vein hypothesis 243, 244
optical coherence tomography (OCT)
orbital atherectomy 176, 198
Ovation device 81, 82, 84
OVER trial 83–4
PACIFIER trial 173
PACUBA trial 174
Paget–Schroetter syndrome 260–1
Palmaz stent 80, 91–2
parallel grafts 68, 88
parvus et tardus 22
Pathway PV system 175–6
pedal anatomy 187, 221–2
pedal arch patency 200
pedal plantar interventions
access routes 192–3
atherectomy 196, 198
balloon angioplasty 199
bare metal stents 199
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Index

chronic total occlusion 195–6
complications 200–2
drug-eluting balloons 199–200
drug-eluting stents 199
pedal reconstruction 200, 221–5
PEITHO trial 268
pelvic ring injury 299
penetrating atherosclerotic ulcer 100–1, 111,
113, 116
Penumbra Indigo System 214–15, 246, 248,
271
Perclose Proglide 84–5, 233, 234
percutaneous endovascular aneurysm repair
(PEVAR) 84–5
percutaneous renal artery stenting 121, 125,
127–31
pericytes 1
peripheral arterial disease 167, 183
non-invasive testing 17–24
periscope grafts 68, 88
peroneal artery 187
PETTICOAT concept 104
phleboliths 148
phlegmasia cerulea dolens 243
Phoenix system 198
photoplethysmography 21, 254
physician-modified endovascular grafts 87–8
Pickering syndrome 123
plantar anatomy 187, 221–2
plantar ulcers 190
plaque
regression 4–9, 10–11
vulnerable 3, 7
polidocanol endovenous injectable foam
259–60
popliteal artery injury 300, 301
positron emission tomography (PET) 10
post-thrombotic syndrome 244
PRECIP trial 278
PRECIP 2 trial 283
pre-close technique 84–5, 117, 234
pregnancy, IVC filters 280
PROOVIT registry 291, 300
pseudoaneurysm
femoral artery 229–30
pulmonary vein 296
pulmonary artery dissection, traumatic 296
pulmonary embolism 267–73
ACCP/AHA recommendations 269
AngioJet
270
AngioVac 271
catheter-based interventions 268–71, 273
catheter-directed thrombolysis 270
complication of catheter-based therapies
273
contraindications to thrombolysis 267
EkoSonic
269–70
inferior vena cava filters 273
massive 267–8
mini heparin 270
patient selection 267–8
Penumbra Indigo
271

®

®

®

®

right ventricular assist device 271
right ventricular function 268
risk stratification 267
rotatable pigtail catheter 270–1
submassive 268
suction systems 271
pulmonary vein pseudoaneurysm 296
pulse volume recordings 18–19
radial artery access, complications 234–7
bleeding 236–7
occlusion 236
spasm 235–6
radiation arteritis 25–7
radiofrequency ablation 258–9
REBOA 293–4
recombinant tissue plasminogen activator
(r-tPA) 53
RECOVERY trial 258–9
refractory hypertension 122
relay NBS Plus graft 70
renal artery stenosis 121–32
associated syndromes 121–3
brain natriuretic peptide 127
cardiac destabilization syndromes 123
diagnostic testing 123–4
drug-eluting vs. bare metal stents 131
embolic protection devices 130–1
follow-up 131–2
fractional flow reserve 127
ischemic nephropathy 122
medical management 124–5
mortality 121
patient selection for revascularization
125–7
percutaneous renal artery stenting 121,
125, 127–31
renal frame counts 127
renovascular hypertension 121–2
restenosis lesions 131
stent sizing 131
surgical repair 125
translesional pressure gradients 125, 127
renal frame counts 127
renal injury 298–9
renovascular hypertension 121–2
RESILIENT trial 171
resistance index 123
resistant hypertension 122
restenosis
carotid artery 27–8
mesenteric ischemia 138
renal artery 131
subclavian artery 40
resuscitative endovascular balloon occlusion of
the aorta (REBOA) 293–4
retroperitoneal hematoma 230
REVASCAT trial 59
REVERSAL trial 8
reverse CART 196
rheolytic thrombolysis (AngioJet ) 214, 246,
270

®
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rib fracture 296
right ventricular assist device 271
Rochester study 215–16
Rotablator 198
rotatable pigtail catheter 270–1
rotational atherectomy 175–6, 198
Rutherford classification 210–11
SAFARI technique 196
SAMMPRIS trial 48
sandwich grafts 68, 88
SAPPHIRE trial 28
sclerotherapy
chronic venous disease 257
vascular malformations 148–51
screening
abdominal aortic aneurysm 78–9
subclavian artery stenosis 37–8
SEATTLE II trial 270
segmental limb pressures 18
self-expanding stents 160–1
sepsis 93
SFA-Long trial 174
SilverHawkTM 175, 198
SIROCCO trial 172
skin perfusion pressures 192
snorkel grafts 68, 88
sodium tetradecyl sulfate (Sotradecol) 150
spinal cord
ischemia 72, 107
perfusion 72
protection 107
spleen injury 298
Stanford classification 99, 115
Starclose 233
STARZ trial 67
statins 7, 8, 124
STILE trial 215–17
stroke interventions 53–9
STROLL trial 169
subclavian artery injury 301
subclavian artery stenosis 37–42
diagnosis 37–8
Dieter test 38
endovascular approach 39–40
etiology 37
follow-up 41
imaging 38
indications for treatment 39
left predominance 37
percutaneous transluminal angioplasty 40
screening 37–8
stents 40
surgical treatment 39
symptoms and signs 37–8, 39
subclavian steal 39
subfascial endoscopic perforator surgery
161–2
subintimal passage
aortoiliac interventions 163
tibial vessels 195–6
SUMMIT trial 171
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SUPER trial 169
Supera stent 171
SUPERB trial 171
SWIFT PRIME trial 58
SWIFT trial 55
SYNTHESIS-Expansion trial 53–4
TAG trial 67–8
TAMBE 70, 90, 91
thoracic and thoracoabdominal aortic
aneurysms 61–73
anatomy 61–2
aortic dissection 64
asymptomatic 62–3
branched grafts 69–71
clinical presentation 62–3
complications of repair 71–2
Crawford–Safi classification 62
diagnosis 62
endovascular aneurysm sealing 71
endovascular repair 65–71
epidemiology 63–4
etiology 64
fenestrated grafts 68–9
genetic predisposition 64
imaging 63
indications for repair 64
landing zones 65–6
medial degeneration 64
natural history 64
open surgical repair 65
pain 63
parallel grafts 68
perioperative management and surveillance
72–3
risk factors 62–3
ruptured 63
sporadic 64
symptomatic 63
thoracic endovascular aortic repair
(TEVAR) 65–8, 72
thoracic aortic injury 294
thoracic endovascular aortic repair (TEVAR)
65–8, 72, 106, 116
thoracoabdominal aortic aneurysms see
thoracic and thoracoabdominal aortic
aneurysms
thoracoabdominal branch endoprosthesis
(TAMBE) 70, 90, 91
thrombin injection 229
thrombolysis
acute limb ischemia 213–14
aortic dissection 106
contraindications 267
deep vein thrombosis 244–5, 246
inferior vena cava filters 282
pulmonary embolism 269–70
THUNDER trial 173
tibial anatomy 185, 187
tibial artery injury 300, 301
tibial disease 190–2
tibial interventions

access routes 192–3
atherectomy 196, 198
balloon angioplasty 199
bare metal stents 199
chronic total occlusion 195–6
complications 200–2
drug-eluting balloons 199–200
drug-eluting stents 199
tissue plasminogen activator (r-tPA) 53
toe-brachial index 18, 190–1
toe photoplethysmography 21
TOPAS trial 215–17
tourniquet test 253
transcutaneous oxygen measurement 191–2
transesophageal echocardiography (TEE)
acute aortic syndrome 114
thoracoabdominal aortic aneurysms 63
transilluminated power phlebectomy 261
translesional pressure gradients
aortoiliac disease 155–6
renal artery stenosis 125, 127
transplantation model 5–6
transthoracic echocardiography (TTE)
acute aortic syndrome 114
aortic dissection 102
thoracoabdominal aortic aneurysms 63
trauma 291–302
abdominal 296–9
abdominal aorta 294–5
acute limb ischemia 209
carotid artery 292–3
chest 295–6
extremities 299, 301
head and neck 292–3
heart 295–6
inferior vena cava filters 278–9, 301–2
liver 296
lung 296
mesenteric 299
National Trauma Data Bank 291–2, 300
pelvic ring 299
renal 298–9
resuscitative endovascular balloon
occlusion of the aorta (REBOA) 293–4
spleen 298
thoracic 294
vertebral artery 293
TrellisTM catheter 214
Trendelenberg test 253
TREVO trial 55
trigeminal artery, persistent 45
TriVex 261
TurboHawkTM 175, 198

V-block 260
vacuum-assisted thrombectomy (Penumbra
Indigo ) 214–15, 246, 248, 271
Valiant graft 70, 90, 91
VALOR trial 67
VALOR II trial 68
valve reconstruction surgery 261
VANISH-1 trial 260
varicose veins 251, 253
vascular access see access site complications
vascular anomalies 144
vascular closure devices 233–4
Vascular Group of New England (VSGNE) trial
28
vascular malformations 143–52
arteriovenous 145–51
classification 144–5
direct puncture embolization 148–51
dominant outflow vein occlusion 147–8
embolic agents 145, 146, 148
Klippel Trenaunay syndrome 151
lymphatic and mixed 151–2
sclerotherapy 148–51
vascular smooth muscle cells 1
vascular trauma see trauma
vasculogenesis 2
VBX-FLEX trial 161
venolymphatic malformations 151–2
venous hypertension 244, 252
venous leg ulcers 251, 254, 256
venous thromboembolism 275
inferior vena cava filters 277, 278
pharmacological anticoagulation 275
Ventana endograft 90, 91
vertebral artery
anatomy 45
anomalies 45
dissection 48–9
embolism 46
endovascular interventions 49–50
injury 293
occlusive disease 45–50
stenosis 46–8
vertebrobasilar ischemia 46–8
Viabahn stents 172
VIASTAR trial 17
VIBRANT trial 172
VIDIO trial 255
Vienna Absolute Study 169
VIPER trial 172
VIST trial 47–8

ULTIMA trial 270
ultrasound guidance
abdominal aortic aneurysm screening 78
compression repair 229
femoral artery puncture 232
thrombolysis 214, 246, 269–70
see also Doppler ultrasound; duplex
ultrasound; intravascular ultrasound

Zenith devices
fenestrated (ZFen) 69, 82, 83, 88, 90
Flex 81, 82
p-branch 71–72, 90–1
Renu 81
t-branch 71, 90, 91
Zilver PTX trial 172

®

wire-interwoven stent

171

WILEY END USER LICENSE AGREEMENT
Go to www.wiley.com/go/eula to access Wiley’s ebook EULA.

