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With the aging of the population and the greatly increasing 
 prevalence of diabetes mellitus, extracoronary vascular disease 
is a serious and rapidly growing health problem. Clinical manifes-
tations of compromised blood flow in all arterial beds, including 
those of the extremities, kidneys, central nervous system, viscera, 
and lungs, as well as in the venous bed, occur frequently and often 
present immense challenges to clinicians. Diseases of vessels of 
all sizes are responsible for clinical manifestations ranging from 
annoyances and discomfort to life-threatening emergencies.

Fortunately, our understanding of the underlying pathobiology 
of these conditions and their diagnoses – using both clinical and 
modern imaging techniques – is advancing rapidly and on many 
fronts. Simultaneously, treatment of vascular diseases is becoming 
much more effective. Catheter-based surgical and pharmacologic 
interventions are each making important strides. Because vascu-
lar diseases affect a large number of organ systems and are man-
aged by a variety of therapeutic approaches, it is not within the 
domain of a single specialty. Medical vascular specialists, vascu-
lar surgeons, radiologists, interventionalists, urologists, neurologists, 
neurosurgeons, and experts in coagulation are just some of those 

who contribute to the care of these patients. There are few fields in 
medicine in which the knowledge and skills of so many experts 
are needed for the provision of effective care.

Because the totality of important knowledge about vascular dis-
eases has increased enormously in the past decade, there is a press-
ing need for a treatise that is at once scholarly and thorough and at 
the same time up to date and practical. Drs. Creager, Beckman, and 
Loscalzo have combined their formidable talents and experiences 
in vascular diseases to provide a book that fills this important void. 
Working with a group of talented authors, they have provided a 
volume that is both broad and deep, and that will be immensely 
useful to clinicians, investigators, and trainees who focus on these 
important conditions.

The second edition of Vascular Medicine has incorporated the 
many advances that have occurred in this important field in the 
past six years, since publication of the first edition. In addition to  
Dr. Joshua Beckman joining the editorial team, 19 authors are also new  
to this edition. Vascular Medicine is becoming the “bible” in this impor-
tant field, and I am especially proud of its role as a companion book to 
Braunwald's Heart Disease: A Textbook of Cardiovascular Medicine.

Eugene Braunwald, MD
Boston, Massachusetts

FOREWORD
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The vessels communicate with one another and the blood 
flows from one to another...they are the sources of human 
nature and are like rivers that purl through the body and 
supply the human body with life.

Hippocrates

Life's tragedies are often arterial.
William Osler

Vascular diseases constitute some of the most common causes 
of disability and death in Western society. More than 25 million 
people in the United States are affected by clinically significant 
sequelae of atherosclerosis and thrombosis. Many others suffer 
discomfort and disabling consequences of vasospasm, vasculitis, 
chronic venous insufficiency, and lymphedema. Important discov
eries in the field of vascular biology have enhanced our under
standing of vascular diseases. Technological achievements in 
vascular imaging, novel medical therapies, and advances in endo
vascular interventions provide an impetus for an integrative view 
of the vascular system and vascular diseases. Vascular medicine 
is an important and dynamic medical discipline, well poised to 
facilitate the transfer of information acquired at the bench to the 
bedside of patients with vascular diseases.

The second edition of Vascular Medicine: A Companion to 
Braunwald's Heart Disease integrates a contemporary understand
ing of vascular biology with a thorough review of clinical vascular 
diseases. Nineteen new authors have contributed chapters to this 
edition. Novel discoveries in vascular biology are highlighted, and 
all of the clinical chapters include recent developments in diagno
sis and treatment. The second edition also includes access to the 
Expert Consult website, which provides images, videos, and other 
features to inform the reader.

As in the previous edition, the book is organized into major parts 
that include important precepts in vascular biology, principles of 
the evaluation of the vascular system, and detailed discussions of 
both common and unusual vascular diseases. The authors of each 
of the chapters are recognized experts in their fields. The tenets 
of vascular biology are provided in Part I, which includes chap
ters on vascular embryology and angiogenesis (a new chapter), 
endothelium, smooth muscle, connective tissue of the subendo
thelium, hemostasis, vascular pharmacology, and pharmacology 
of antithrombotic drugs (another new chapter). Part II, Patho
biology of Blood Vessels, includes updated chapters on athero
sclerosis, vasculitis, and thrombosis. Part III, Principles of Vascular 
Evaluation, provides tools for the approach to the patient with vas
cular  disease, beginning with the history and physical examination, 
and  comprises illustrated chapters on noninvasive vascular tests, 

magnetic resonance imaging, computed tomographic angiography, 
and catheterbased angiography.   The parts that follow cover major 
vascular diseases, including peripheral artery disease, renal artery 
disease, mesenteric vascular disease, cerebrovascular disease,  
aortic dissection, and aortic aneurysms and include updated chap
ters that elaborate on the epidemiology, pathophysiology, clinical 
evaluation, and medical, endovascular, and surgical management 
of these specific vascular disorders. A unique and newly authored 
chapter reviews vasculogenic erectile dysfunction.

Part XI, Vasculitis, features an overview of all vasculitides and 
chapters that elaborate on the presentation, evaluation, and man
agement of Takayasu arteritis, giant cell arteritis, thromboangiitis 
obliterans, and Kawasaki disease. Newly authored chapters in 
Part XII, Acute Limb Ischemia, provide contemporary discussions 
of acute arterial occlusion and atheroembolism. An entire part is 
devoted to vasospastic disease, such as Raynaud's phenomenon, 
and other temperaturerelated vascular diseases, such as acrocya
nosis, erythromelalgia, and pernio.

Venous and pulmonary vascular diseases are featured promi
nently in this book. Part XIV, which discusses venous thromboem
bolism, includes chapters on venous thrombosis and pulmonary 
embolism by experts in the field who integrate pathophysiologic 
precepts with a contemporary approach to diagnosis and man
agement. Contemporary management of chronic venous disor
ders including varicose veins and chronic venous insufficiency is 
reviewed in Part XV. Part XVI,  Pulmonary Hypertension, comprises 
comprehensive chapters on both pulmonary arterial hyperten
sion and secondary pulmonary hypertension. The management of 
lymphedema is broadly covered in Part XVII, Lymphatic Disorders. 
The final part of the book includes chapters on other important 
vascular diseases, including ulcers, infection, trauma, compression  
syndromes, congenital vascular malformations, and neoplasms.

This textbook will be useful for vascular medicine physicians 
as well as clinicians, including internists, cardiologists, vascular 
surgeons, and interventional radiologists, who care for patients 
with vascular disease. We anticipate that it will serve as an impor
tant resource and reference for medical students and trainees. The 
information is presented in a manner that will enable readers to 
understand the relevant concepts of vascular biology and to use 
these concepts in a rational approach to the broad range of vas
cular diseases that confront them frequently in their daily practice. 
The vasculature is an organ system in its own right, and we believe 
that the approach presented in this textbook will place physi
cians in a better position to evaluate patients with a broad and  
complex range of vascular diseases, and to implement important 
diagnostic and therapeutic strategies in the care of these patients.

Mark A. Creager, MD

Joshua A. Beckman, MD, MS

Joseph Loscalzo, MD, PhD

PREFACE
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PART I

C H A P T E R  1  Vascular Embryology  
and Angiogenesis
Daniel M. Greif

In simple terms, the cardiovascular system consists of a sophis-
ticated pump (i.e., the heart) and a remarkable array of tubes 
(i.e., blood and lymphatic vessels). Arteries and arterioles (effer-
ent blood vessels in relation to the heart) deliver oxygen, nutri-
ents, paracrine hormones, blood and immune cells, and many 
other products to capillaries (small-caliber, thin-walled vascular 
tubes). These substances are then transported through the cap-
illary wall into extravascular tissues where they participate in 
critical physiological processes. In turn, waste products are trans-
ported from the extravascular space back into blood capillaries 
and returned by venules and veins (afferent vessels) to the heart. 
Alternatively, about 10% of the fluid returned to the heart courses 
via the lymphatic system to the large veins.1 To develop normally, 
the embryo requires delivery of nutrients and removal of waste 
products beginning early in development; indeed, the cardiovas-
cular system is the first organ to function during morphogenesis.

The fields of vascular embryology and angiogenesis have been 
revolutionized through experimentation with model organisms. 
In particular, this chapter focuses on key studies using common 
vascular developmental models that include the mouse, zebra fish, 
chick, and quail-chick transplants, each of which has its advan-
tages. Among mammals, the most powerful genetic engineering 
tools and the greatest breadth of mutants are readily available 
in the mouse. Furthermore, the mouse is a good model of many 
aspects of human vascular development; in particular, the vascula-
ture of the mouse retina is a powerful model because it develops 
postnatally and is visible externally. The zebrafish is a transparent 
organism that develops rapidly with a well-described pattern of 
cardiovascular morphogenesis, and sophisticated genetic manip-
ulations are readily available. The chick egg is large, with a yolk  
sac vasculature that is easily visualized and develops rapidly.  
And finally, the coupling of quail-chick transplants with species-
specific antibodies allows for cell tracing experiments. The com-
bination of studies with these powerful model systems as well as 
others has yielded key insights into human vascular embryology 
and angiogenesis.

Although blood vessels are composed of three tissue layers, the 
vast majority of vascular developmental literature has focused on 
morphogenesis of the intima, or inner layer.  This intima consists 
of a single layer of flat endothelial cells (ECs) that line the vessel 
lumen and are elongated in the direction of flow.  Moving radially 
outward, the next layer is the media, consisting of layers of circum-
ferentially oriented vascular smooth muscle cells (VSMCs) and 
extracellular matrix (ECM) components, including elastin and col-
lagen. In smaller vessels such as capillaries, the mural cells consist 
of pericytes instead of VSMCs. Finally the outermost layer of the 
vessel wall is the adventitia, a collection of loose connective tissue, 
fibroblasts, nerves, and small vessels known as the vaso vasorum.

This chapter summarizes many key molecular and cellular pro-
cesses and underlying signals in the morphogenesis of the differ-
ent layers of the blood vessel wall and of the circulatory system  

in general. Specifically, for intimal development, it concentrates 
on early EC patterning, specification and differentiation, lumen 
formation, co-patterning of vessels and nonvascular tissues, and 
briefly discusses lymphatic vessel development. In the second 
section, development of the tunica media is divided into subsec-
tions examining components of the media, VSMC origins, smooth 
muscle cell (SMC) differentiation, and patterning of the develop-
ing VSMC layers and ECM. Finally, the chapter concludes with a 
succinct summary of the limited studies of morphogenesis of the 
blood vessel adventitia. Understanding these fundamental vascu-
lar developmental processes are important from a pathophysio-
logical and therapeutic standpoint because many diseases almost 
certainly involve recapitulation of developmental programs. For 
instance, in many vascular disorders, mature VSMCs dedifferenti-
ate and exhibit increased rates of proliferation, migration, and ECM 
synthesis through a process termed phenotypic modulation.2

Tunica Intima: Endothelium
Early Development
Development begins with fertilization of the ovum by the sperm. 
Chromosomes of the ovum and sperm fuse, and then a mitotic 
period ensues. The early 16- to 32-cell embryo, or morula, consists 
of a sphere of cells with an inner core termed the inner cell mass. 
The first segregation of the inner cell mass generates the hypoblast 
and epiblast. The hypoblast gives rise to the extraembryonic yolk 
sac and the epiblast to the amnion and the three germ layers of 
the embryo known as the endoderm, mesoderm, and ectoderm.  
The epiblast is divided into these layers in the process of gas-
trulation, when many of the embryonic epiblast cells invaginate 
through the cranial-caudal primitive streak and become the meso-
derm and endoderm, while the cells that remain in the embryonic 
epiblast become the ectoderm. Most of the cardiovascular system 
derives from the mesoderm, including the initial ECs, which are 
first observed during gastrulation. A notable exception to mesoder-
mal origin is SMCs of the aortic arch and cranial vessels, which 
instead derive from the neural crest cells of the ectoderm.3

Although ECs are thought to derive exclusively from mesodermal 
origins, the other germ layers may play an important role in regulat-
ing differentiation of the mesodermal cells to an EC fate. In a clas-
sic study of quail-chick intracoelomic grafts, host ECs invaded limb 
bud grafts, whereas in internal organ grafts, EC precursors derived 
from the graft itself.4 The authors hypothesized that the endoderm 
(i.e., from internal organ grafts) stimulates emergence of ECs from 
associated mesoderm, whereas the ectoderm (i.e., from limb bud 
grafts) may have an inhibitory influence.4 Yet the endoderm does 
not appear to be absolutely required for initial formation of EC 
precursors.5,6

The initial primitive vascular system is formed prior to the first 
cardiac contraction. This early vasculature develops through 
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 vasculogenesis, a two-step process in which mesodermal cells 
differentiate into angioblasts in situ, and these angioblasts subse-
quently coalesce into blood vessels.7 Early in this process, many EC 
progenitors apparently pass through a bipotential hemangioblast 
stage in which they can give rise to endothelial or hematopoietic 
cells. Furthermore, early EC precursors may in fact be multipotent; 
there is controversy whether ECs and mural cells share a common 
lineage.8,9

Following formation of the initial vascular plexus, more capil-
laries are generated through sprouting and nonsprouting angio-
genesis, and the vascular system is refined through pruning and 
regression (reviewed in10). In the most well studied form of angio-
genesis, existing blood vessels sprout new vessels, usually into 
areas of low perfusion, through a process involving proteolytic 
degradation of surrounding ECM, EC proliferation and migration, 
lumen formation, and EC maturation. Nonsprouting angiogenesis 
is often initiated by EC proliferation, which results in lumen wid-
ening.10 The lumen then splits through transcapillary ECM pillars 
or fusion and splitting of capillaries to generate more vessels.10 In 
addition, the developing vascular tree is fine-tuned by the pruning 
of small vessels. Although not involved in construction of the ini-
tial vascular plan, flow is an important factor in shaping vascular 
system maturation, determining which vessels mature and which 
regress. For instance, unperfused vessels will regress.

Arterial and Venous Endothelial Cell 
Differentiation
Classically it was thought that arterial and venous blood vessel 
identity was established as a result of oxygenation and hemo-
dynamic factors such as blood pressure, shear stress, and the 
direction of flow. However, over the last decade, it has become 
increasingly evident that arterial-specific and venous-specific 
markers are segregated to the proper vessels quite early in the pro-
gram of vascular morphogenesis. For instance, ephrinB2, a trans-
membrane ligand, and one of its receptors, the EphB4 tyrosine 
kinase, are expressed in the mouse embryo in an arterial-specific 
and relatively venous-specific manner, respectively, prior to the 
onset of angiogenesis.11–13 EphrinB2 and EphB4 are each required 
for normal angiogenesis of both arteries and veins.12,13 However, 
in mice homozygous for a tau-lacZ knock-in into the ephrinB2 or 
EphB4 locus (which renders the mouse null for the gene of inter-
est), lacZ staining is restricted to arteries or veins, respectively.12,13 
This result indicates that neither of these signaling partners is 
required for arterial and venous specification of ECs.

Furthermore, even before initial ephrinB2 and EphB4 expres-
sion and prior to the first heart beat, Notch pathway members 
delta C and gridlock mark presumptive ECs in the zebrafish.14–16 
In this model, deltaC is a homolog of the Notch ligand gene Delta, 
and gridlock (grl) encodes a basic helix-loop-helix protein that is 
a member of the Hairy-related transcription factor family and is 
downstream of Notch. The lateral plate mesoderm (LPM) contains 
artery and vein precursors,17 and prior to vessel formation, the grl 
gene is expressed as two bilateral stripes in the LPM.16 Subsequently, 
gridlock expression is limited to the trunk artery (dorsal aorta) and 
excluded from the trunk vein (cardinal vein).16

In a lineage tracking experiment of the zebrafish LPM, Zhong et al. 
loaded one- to two-cell embryos with 4,5-dimethoxy-2- nitrobenzyl-
caged fluorescent dextran.15 Between the 7- and 12-somite stage of 
development, a laser was used to activate a patch of 5 to 10 LPM 
cells with pulsations and thereby “uncage” the dye.15 The contribu-
tion of the uncaged cells and their progeny to the dorsal aorta and 
cardinal vein was assayed the next day.15 Among all the uncaging 
experiments, marked cells were found in the artery in 20% of exper-
iments and in the vein in 32% of experiments.15 Interestingly,  within 
a single uncaging experiment, the group of marked cells never 
included both arterial and venous cells, suggesting to the authors 
that by the 7- to 12-somite stage, an individual angioblast is des-
tined to contribute in a mutually exclusive fashion to the  arterial 
or venous system.15

In addition to being an early marker of arterial ECs, the Notch 
pathway is a key component of a signaling cascade that regulates 
arterial EC fate. In zebrafish, down-regulating the Notch pathway 
through genetic means or injection of messenger ribonucleic acid 
(mRNA) encoding a dominant-negative Suppressor of Hairless, 
a known intermediary in the Notch pathway, results in reduced 
ephrinB2 expression with loss of regions of the dorsal aorta.15,18 
Reciprocally, contiguous regions of the cardinal vein expand and 
EphB4 expression increases.15 By contrast, activation of the Notch 
pathway results in reduced expression of flt4, a marker of venous 
cell identity, without an effect on arterial marker expression or 
dorsal aorta size.15,18 Furthermore, Lawson et al. followed up on 
these findings to describe a signaling cascade in which vascular 
endothelial growth factor (VEGF) functions upstream of Notch, 
and Sonic hedgehog (Shh) is upstream of VEGF.19 Taken together, 
these results suggest that the Shh-VEGF-Notch axis is necessary 
for arterial EC differentiation; however, Notch is not sufficient to 
induce arterial EC fate.

These studies of EC fate raise the issues of when the arterial-
venous identities of ECs are specified and whether and/or when 
these identities become fixed. To examine these issues, Moyon et 
al. dissected the dorsal aorta, carotid artery, cardinal vein, or jugular 
vein from the embryonic day 2 to 15 (E2-15) quail and grafted the 
vessel into the E2 chick coelom.20 On E4, the host embryos were 
immunostained with arterial-specific antibodies and the quail-
specific anti-EC antibody QH1 to determine whether the grafted 
vessels yielded ECs that colonized host arteries, veins, or neither.20 
Quail vessels that were harvested until around E7 and then grafted 
into the chick colonized ECs in both host arteries and veins, but 
if harvesting was delayed after E7, plasticity of the grafted vessels 
decreased.20 Indeed, quail arteries or veins that were isolated after 
E10 and subsequently grafted almost exclusively contributed to 
host arteries (>95% of QH1+ ECs) or veins (~90% of QH1+ ECs), 
respectively.20 Interestingly, when ECs were isolated by collagenase 
treatment from the quail E11 dorsal aorta wall and then grafted, 
plasticity of the ECs was restored to that of an E5 aorta (~60% of 
QH1+ EC contribution to arteries and ~40% contribution to veins).20 
The authors reasoned that an unknown signal from the vessel wall 
regulates EC identity.20 A recent investigation of the origins of the 
coronary vascular endothelium also highlights the plasticity of 
ECs during early mouse development.21 This study suggests that 
EC sprouts from the sinus venous, the structure that returns blood 
to the embryonic heart, dedifferentiate as they migrate over and 
through the myocardium.21 Endothelial cells that invade the myo-
cardium differentiate into the coronary arterial and capillary ECs, 
while those that remain on surface of the heart will redifferentiate 
into the coronary veins.21

Endothelial Tip and Stalk Cell Specification 
in Sprouting Angiogenesis
Tubular structures are essential for diverse physiological processes, 
and proper construction of these tubes is critical. Tube morpho-
genesis requires coordinated migration and growth of cells that 
compose the tubes; the intricate modulation of the biology of 
these cells invariably uses sensors that detect external stimuli.22 
This information is then integrated and translated into a biolog-
ical response. Important examples of such biological sensors 
include the growth cones of neurons and the terminal cells of 
the Drosophila tracheal system. Both of these sensors have long 
dynamic filopodia that sense and respond to external guidance 
cues and are critical in determining the ultimate pattern of their 
respective tubular structures.

Similarly, endothelial tip cells are located at the ends of angio-
genic sprouts and are polarized with long filopodia that play both 
a sensory and motor role22 (Fig. 1-1). In a classic study published 
over 30 years ago, Ausprunk and Folkman reported that on the day 
after V2 carcinoma implantation into the rabbit cornea, ECs of the 
host limbal vessels displayed surface projections that resembled 
“regenerating ECs,”23 consistent with what is now classified as tip cell  
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filopodia. Tip cells are post-mitotic and express high levels of actin, 
platelet derived growth factor-β (PDGF-β), and vascular endothe-
lial growth factor receptor-2 (VEGFR-2).22 Proximal to the tip cells 
are stalk cells that also express VEGFR-2 but, unlike tip cells, are 
 proliferative22 (see Fig. 1-1). During initiation of sprouting angiogen-
esis, endothelial tip cells develop initial projections prior to stalk 
cell proliferation.23

The mouse retina model has been widely utilized in studies 
of angiogenesis and is an excellent model for studying different 
aspects of blood vessel development: retinal vasculature is vis-
ible externally and develops postnatally through a stereotyped 
sequence of well-described steps. In addition, at most time points, 
the retina simultaneously includes sprouting at the vascular front 
and remodeling at the core. The VEGF pathway is critical for guid-
ing angiogenic sprouts, and in the retina, expression of the ligand 
VEGF-A is limited to astrocytes, with the highest levels at the lead-
ing edge of the front of the extending EC plexus,22 suggesting that 
the astrocytes lay down a road map for the ECs to follow.24 Vascular 
endothelial growth factor-A signals through VEGFR-2 on tip and 
stalk cells. Interestingly, proper distribution of VEGF-A is required 
for tip cell filopodia extension and tip cell migration, while the 
absolute concentration, but not the gradient, of VEGF-A appears to 
be critical for stalk cell proliferation.22

Similar to sprouting angiogenesis, budding Drosophila trachea 
airways encompass tip cells that lead branch outgrowth and lag-
ging cells that form the branch tube. Ghabrial and Krasnow used 
this system to address a fundamental question that commonly  

arises in a variety of disciplines ranging from politics to sports, and  
in this case to biology: “What does it take to become a leader?”25 
An elegant genetic mosaic analysis showed that tracheal  epithelial 
cells are assigned to the role of tip (i.e., leader) or stalk (i.e.,  follower) 
cell in the dorsal branch as a result of a competition for FGF 
 activity.25 Those cells with the highest FGF activity become tip 
cells, and those with lower activity are relegated to the stalk posi-
tion.25 Furthermore, Notch pathway–mediated lateral inhibition 
plays an important role in limiting the number of leading cells.25

Similarly, the Notch pathway is also critical in assigning ECs in 
sprouting angiogenesis to tip and stalk positions (Fig. 1-2; reviewed 
in26). The Notch ligand Dll4 is specifically expressed in arterial and 
capillary ECs, and in the developing mouse retina, Dll4 is enriched 
in tip cells, while Notch activity is greatest in stalk cells.26–28 
Attenuation of Notch activity through genetic (i.e., dll4[+/−]) or 
pharmacological (i.e., γ-secretase inhibitors) approaches results 
in increased capillary sprouting and branching, filopodia forma-
tion, and tip cell marker expression.26,29 Importantly,  VEGF appears 
to induce dll4 expression in vivo; injection of soluble VEGFR1, 
which functions as a VEGF sink, into the eyes of mice reduces Dll4 
transcript levels.29

Furthermore, as with the investigations of tip and stalk cells in 
the Drosophila dorsal airway branches,25 mosaic analyses indi-
cate that competition between cells (in this case for Notch activ-
ity) is critical in determining the division of labor in sprouting 
angiogenesis. Genetic mosaic analysis involves mixing at least two 
populations of genetically distinct cells in the early embryo, and 
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FIGURE 1-1 Endothelial tip and stalk cells. A, Graphic illustration of tip and stalk cells of an endothelial sprout. B, Endothelial tip cell with filopodia from a mouse 
retina stained to mark endothelial cells (ECs) (isolectin B4, green) and nuclei (blue). C, Vascular sprout labeled with markers for ECs (PECAM-1, red), mitosis (phospho-
histone, green), and nuclei (blue). Arrow indicates a mitotic stalk cell nucleus;* indicates tip cell nucleus. (Redrawn with permission from Gerhardt H, Golding M, Fruttiger M, 
et al: VEGF guides angiogenic sprouting utilizing endothelial tip cell filopodia. J Cell Biol 161:1163–1177, 2003.)
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FIGURE 1-2 Notch-mediated 
lateral inhibition of neighboring 
endothelial cells (ECs). A, Lateral 
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population of ECs. B, Schematic 
illustration of vascular endothelial 
growth factor-A (VEGF-A)-Notch 
feedback loop controlling tip-stalk 
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stimulating expression of the decoy 
receptor (s)Flt1 (soluble VEGFR1). 
Green tip cells receive low Notch 
signal, allowing for high Kdr, Nrp1, 
and Flt4 expression but low (s)Flt1 
expression. (Redrawn with permission 
from Phng LK, Gerhardt H: Angiogenesis: 
a team effort coordinated by notch. Dev 
Cell 16:196–208, 2009.)
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subsequently comparing the contribution of each cell population 
to a specific structure or process. Notably, mosaic analysis is usu-
ally complementary to experiments with total knockouts and in 
fact can often be more informative because complete removal of 
a gene may impair interpretation by grossly distorting the tissue 
architecture or eliminating competition between cells that harbor 
differing levels of a gene product.

Experiments using mosaic analysis of Notch pathway mutants 
in a wildtype background indicate that the Notch pathway acts in 
a cell autonomous fashion to limit the number of tip cells. In com-
parison to wildtype ECs in the mouse retina, ECs that are genetically 
engineered to have reduced or no notch1 receptor expression are 
enriched in the tip cell population.27

Mosaic studies of Notch signaling components in the develop-
ing zebrafish intersegmental vessels (ISVs) are also informative. 
ISVs traverse between the somites from the dorsal aorta to the dor-
sal longitudinal anastomotic vessel (DLAV) and are widely used 
in investigation of blood vessel development. The ISV has been 
classified as consisting of three (or four) cells in distinct positions: 
a base cell that contributes to the dorsal aortic cell, a connector 
cell that courses through the somites, and the most dorsal cell that 
 contributes to the DLAV.30,31 Lateral plate mesoderm angioblasts 
contribute to the ECs of all the trunk vasculature, including the dor-
sal aorta, posterior cardinal vein, ISVs, DLAV, and the subintestinal 
venous vessels. Precursors destined for the ISVs and DLAV initially 
migrate to the midline dorsal aorta and then between somites 
to their ultimate positions.30,31 Siekmann and Lawson generated 
mosaic zebrafish by transplanting into early wildtype embryos 
marked cells from embryos either lacking the key Notch signaling 
component recombining protein suppressor of hairless (Rbpsuh) 
or expressing an activated form of Notch.31 Interestingly, rbpsuh-
deficient cells were excluded from the dorsal aorta and enriched 
in the DLAV position.31 In turn, transplanted cells harboring acti-
vated Notch mutations were excluded from the DLAV in mosaics 
and instead preferentially localized to the base cell and dorsal 
aorta positions.31

Taken together, the findings indicate that in sprouting angiogen-
esis, ECs compete for the tip position through Notch-mediated lat-
eral inhibition of neighboring cells26 (see Fig. 1-2). Tip cells express 
high levels of Dll4, which engages Notch receptors on neighboring 
cells and thereby inhibits these neighboring cells from develop-
ing tip cell characteristics. Furthermore, in the developing retina, 
the expression of Dll4 is regulated by VEGF-A, which is secreted by 
astrocytes in response to hypoxia.

Molecular Determinants of Branching
The pattern of many branched structures, such as the vasculature, 
is critical for function; diverse branched structures use similar sig-
naling pathways to generate their specific patterns. A number of 
well-studied systems such as the Drosophila trachea, mammalian 
lung, ureteric bud (UB), and the vasculature consist of hierarchical 
tubes, progressing from larger to smaller diameter, that transport 
important gas and/or fluid constituents. The molecular strategies 
underlying morphogenesis of these patterns often include recep-
tor tyrosine kinase–mediated signaling as well as fine-tuning with 
inhibitors of these signaling pathways.32,33

In the Drosophila embryo, trachealess selects the trachea primor-
dia and induces conversion of planar epithelium into tracheal sacs 
that express breathless (btl), the fibroblast growth factor receptor 
(FGFR) homolog.33,34 The FGF ligand branchless (bnl) is expressed 
dynamically at positions surrounding the tracheal system, in a pat-
tern which determines where and in which direction a new branch 
will form.35 Furthermore, loss of bnl prevents branching, and misex-
pression of bnl induces mislocalized branching.35 Signaling through 
this FGF receptor pathway is critical for the migration of cells and 
change in cell shape inherent in formation of primary or second-
ary airway branches.33,34 Furthermore, tertiary airways consist of a 
single highly ramified cell whose pattern is not inherently fixed, 
but instead adapts to tissue oxygen needs in an  FGF-dependent 

manner.36 Finally, as a means of fine-tuning Drosophila airway pat-
terning, branchless induces sprouty, an inhibitor of FGFR signaling, 
which blocks branching.37,38

Evolutionary conservation of these signaling pathways is strik-
ing because the FGF pathway is also essential for determining 
branch patterning in the mammalian airway system (e.g., the 
lung). In the mouse, trachea and lung bronchi bud from gut wall 
epithelium at about E9.5,39 Subsequently, three distinct branching 
subroutines are repeated in various combinations to generate a 
highly stereotyped, complex, tree-like structure40 that facilitates gas 
exchange. In early embryogenesis, the visceral mesenchyme adja-
cent to the heart expresses FGF10, and FGF10 binds endodermal 
FGFR2b, the mouse ortholog of Drosophila breathless.32 FGF10 null 
mice lack lungs and have a blind trachea.41 Similarly, FGFR2b(−/−) 
mice form underdeveloped lungs that undergo apoptosis.42 Akin 
to the Drosophila tracheal system, sprouty is a key component of 
an FGF-induced negative-feedback loop in the lung.38 In response 
to FGF10, FGFR2b induces Sprouty2 tyrosine phosphorylation and 
activation, and active Sprouty2 inhibits signaling downstream of 
FGFR2b.32 In addition, carefully regulated levels of the morphogens 
sonic hedgehog and bone morphogenic protein (BMP) 4 modu-
late the branching of lung airways.32

As with the Drosophila and mammalian airway systems, genera-
tion of the metanephric kidney requires signals conveyed through 
epithelial receptor tyrosine kinase. The metanephric mesenchyme 
secretes glial-derived neurotrophic factor (GDNF), which activates 
the receptor tyrosine kinase Ret and its membrane-anchored co-
receptor Gdnf family receptor alpha 1 (Gfra1), thereby inducing 
the UB to evaginate from the nephric duct.43,44 These components 
are required for UB branching because UB outgrowth fails in 
mice null for Gdnf, Gfra1, or Ret.43 Furthermore, RET is frequently 
mutated in humans with renal agenesis.45 In addition, FGFR2b is 
also highly expressed on UB epithelium, and FGFR2b-mediated sig-
naling regulates UB branching.32 FGF7 and FGF10 are expressed in 
mesenchymal tissue surrounding the UB, and FGFR2b binds with 
comparable affinity to these ligands.32 As with lung development, 
BMP4-mediated signaling modulates the branching of the renal 
system.32

The most well-studied molecular determinants of vascular 
branching are the VEGF family of ligands (VEGF-A, -B, -C, and -D) 
and endothelial receptor tyrosine kinases (VEGFR1, 2, and 3).46 
VEGF has been shown to be a potent EC mitogen and motogen 
and vascular permeability factor, and the level of VEGF is strictly 
regulated in development; VEGF heterozygous mice die around 
E11.5 with impaired angiogenesis and blood island formation.47,48 
During embryogenesis, VEGFRs are expressed in proliferating ECs 
and the ligands in adjacent tissues. For instance, secretion of VEGF 
by the ventricular neuroectoderm is thought to induce capil-
lary ingrowth from the perineural vascular plexus.49 Mice null for 
VEGFR2 or VEGFR1 die around E9.0, with VEGFR2(−/−) mice lacking 
yolk-sac blood islands and vasculogenesis50 and VEGFR1(−/−) mice 
displaying disorganized vascular channels and blood islands.51 
Although VEGFR3 expression eventually restricts to lymphatic 
ECs, its broad vascular endothelial expression early in develop-
ment is critical for embryonic morphogenesis. Indeed, VEGF3 
null mice undergo vasculogenesis and angiogenesis; however, 
the lumens of large vessels are defective, resulting in pericardial 
effusion and cardiovascular failure by E9.5.52 As with hypoxia-
induced FGF-dependent tertiary branching in the Drosophila air-
way,36 low oxygen levels induce vascular EC branching through 
hypoxia-inducible factor-1 alpha (HIF-1α)-mediated expression 
of VEGFR2.53 VEGFR1 is thought to largely function as a negative 
regulator of VEGF signaling by sequestering VEGF-A. The affinity 
of VEGFR1 for VEGF-A is higher than that of VEGFR2, and VEGFR1 
kinase domain mutants are viable.46

Although generally not as well studied as the role of the VEGF 
pathway in vessel branching, other signaling pathways, such as 
those mediated by FGF,  Notch, and other guidance factors, are also 
likely to play important roles. For instance, transgenic FGF expres-
sion in myocardium augmented coronary artery branching and 
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blood flow, whereas expression of a dominant-negative FGFR1 in 
retinal pigmented epithelium reduced the density and branching 
of retinal vessels.32 Furthermore, a murine homolog of sprouty was 
shown to inhibit small blood vessel branching and sprouting in 
mouse embryo cultures.54 The role of the Notch pathway was dis-
cussed earlier in the section on endothelial tip and stalk cells. The 
role of guidance cues initially described in the nervous system is 
discussed later in the section on neurons and vessels. Finally, the 
maturation of branches to a more stable state that is resistant to 
pruning is thought to largely be regulated by signaling pathways 
that modulate EC branch coverage by mural cells. Interestingly, 
two of the most important such pathways involve receptor tyro-
sine kinases such as the angiopoietin-Tie and PDGF ligand recep-
tor pathways.

Vascular Lumenization
Endothelial cells at the tips of newly formed branches lack lumens, 
but as the vasculature matures, formation of a lumen is an essential 
step in generating tubes that can transport products. Angioblasts ini-
tially migrate and coalesce to form a solid cord that is subsequently 
hollowed out to generate a lumen through a mechanism that has 
recently become controversial. Around 100 years ago, researchers 
first suggested that vascular lumenization in the embryo occurs 
through an intracellular process involving vacuole formation.55 
Seventy years later, Folkman and Haudenschild developed the 
first method for long-term culture of ECs, and bovine or human 
ECs cultured in the presence of tumor-conditioned medium were  
shown to form lumenized tubes (56and references therein). In this 
and similar in vitro approaches, an individual cell forms Cdc42+ 
pinocytic vacuoles that coalesce, extend longitudinally, and then 
join the vacuole of neighboring ECs to progressively generate an 
extended lumen.56–58 Subsequently, a study using two-photon high-
resolution time-lapse microscopy suggested that the lumens of 
zebrafish ISVs are generated through a similar mechanism of endo-
thelial intracellular vacuole coalescence, followed by intercellular 
vacuole fusion.59

Recently, however, a number of studies have called this intra-
cellular vacuole coalescence model into question, and instead 
support an alternate model in which the lumen is generated extra-
cellularly (reviewed in60). One such investigation61 suggests that 
in contrast to what had been thought previously,30,31 ECs are not 
arranged serially along the longitudinal axis of the zebrafish ISV, 
but instead overlap with one another substantially; the circumfer-
ence of an ISV at a given longitudinal position usually traverses 
multiple cells. If the lumen of a vessel were derived intracellularly 
in a unicellular tube, the tube would be “seamless” (as in the ter-
minal cells of Drosophila airways62) and only have intercellular 
junctions at the proximal and distal ends of the cells. However, in 
the 30 hours post fertilization zebrafish, junctional proteins zona 
occludens 1 (ZO-1) and VE-cadherin are co-expressed, often in 
two medial “stripes” along the longitudinal axis of the ISV, suggest-
ing that ECs align and overlap along extended regions of the ISV.61 
Thus, the lumen is extracellular—that is, in between adjacent cells, 
not within the cytoplasm of a single cell.

In addition, recent investigations show that EC polarization 
is a prerequisite for lumen formation, and both the Par3 com-
plex and VE-cadherin play a critical role in establishing polar-
ity.63 Endothelial-specific knockdown of β1-integrin reduces levels 
of Par3 and leads to a multilayered endothelium with cuboidal-
shaped ECs and frequent occlusion of midsized vascular lumens.63 
VE-cadherin is a transmembrane EC-specific cell adhesion mol-
ecule that fosters homotypic interactions between neighboring 
ECs, and in vascular cords, VE-cadherin is distributed broadly in 
the apical membrane (reviewed in60). VE-cadherin deletion is 
embryonic lethal in the mouse; development of VE-cadherin(−/−) 
embryonic vessels arrests at the cord stage and does not proceed 
to lumenization.60,64,65 Under normal conditions, during polar-
ization, junctions form at the lateral regions of the apical mem-
brane as VE-cadherin translocates to these regions, which also 

harbor ZO-1.60  VE-cadherin is required for the apical accumula-
tion of de-adhesive molecules, such as the highly glycosylated 
podocalyxin/gp135, which likely contributes to lumen formation 
through cell-cell repulsion. In addition to anchoring neighboring 
ECs, VE-cadherin also is linked through β-catenin, plakoglobin, and 
α-catenin to the F-actin cytoskeleton.60

Although establishing polarity of the ECs is a critical step, it 
is insufficient to induce lumen formation. Indeed, in VEGF-A(+/−) 
mice, ECs of the dorsal aorta polarize, but this vessel does not 
lumenize.65 VEGF-A activates Rho-associated protein kinases 
(ROCKs) that induce nonmuscle myosin II light chain phosphory-
lation, thereby enhancing recruitment of nonmuscle myosin to the 
apical membrane.65 Actomyosin complexes at the apical surface 
are thought to play an important role in pulling the apical mem-
branes of neighboring cells apart, thus generating an extracellular 
lumen.63

Another important component of the process of EC cord 
lumenization is the dynamic dissolution and formation of 
inter-EC junctions. Egfl7 is an EC-derived secreted protein that 
 promotes EC motility and is required for tube formation.66 The 
knockdown of Egfl7 in zebrafish impairs angioblasts from dis-
solving their junctions, preventing them from separating, which 
is required for tube formation.66 Interestingly, a recent study sug-
gests that excessive cell-cell junctions in migratory angioblasts 
may explain the delayed migration of these cells in endoderm-
less zebrafish.5

Neurons and Vessels
The similarities between the vasculature and neurons extend 
well beyond the cell biology of their respective sensors (i.e., tip 
cells, growth cones). Interestingly, in many organs, vascular and 
neural networks are closely aligned67 (Fig. 1-3). In a landmark 
paper, Mukouyama et al. investigated vascular and neural devel-
opment of the mouse limb, in which skin arteries but not veins 
are specifically aligned with peripheral nerves.68 As in many 
developing vascular beds, the vasculature of the mouse limb 
initially consists of an EC plexus that, in the case of the limb 
bud, is present prior to peripheral nerve invasion. Subsequently, 
nerve invasion and vascular plexus remodeling ensue, result-
ing in formation of larger vessels, and most nerve-associated 
vessels express arterial markers such as ephrinB2, Neuropilin1 
(Nrp1), and/or Connexin40 (CX40).68 The semaphorins are 
a family of important axon guidance factors, and mice null 
for Semaphorin3A (Sema3A) display disorganized peripheral 
nerve growth. Interestingly, in Sema3A(−/−) mice, small- diameter 
blood vessels align with this disorganized array of peripheral 
nerves and express Nrp1 and CX40.68 In contrast, Neurogenin1/
Neurogenin2 compound homozygous nulls have essentially no 
peripheral nerves or associated Schwann cells in the limb skin 
and have markedly reduced arterial marker expression in small-
diameter vessels.68 Finally, to specifically examine the role of 
Schwann cells, the authors investigated mice with homozygous 
null mutations in erbB3, a co-receptor for the axon-derived signal 
Neuregulin-1.68 These erbB3(−/−) mice lack peripheral Schwann 
cells and, similar to Sema3A null mice, have a disordered pat-
tern of axon growth. However, in contrast to Sema3A null mice, 
there is a marked reduction in both arterial marker expression 
and association of blood vessels with the disordered peripheral 
nerves in erbB3(−/−) limb skin. Furthermore, Schwann cells iso-
lated from wildtype limb skin express VEGF, and in co- culture, 
Schwann cells induce undifferentiated ECs to express ephrinB2 
in a VEGFR2-dependent manner.68 Taken together, the mouse 
limb skin provides an example of how neurons and/or neural- 
associated tissues such as Schwann cells can modulate the pat-
terning and differentiation of arterial networks.

An alternative compelling potential mechanism underlying the 
alignment of vascular and neural networks is mutual guidance, 
in which the patterning of these tissues is regulated by a third 
structure. For instance, in the developing lung, some airways are 
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 accompanied by a closely juxtaposed artery and neuron (unpub-
lished results). Guidance cues are integral in regulating neural pat-
terning through their actions as attractants or repellants in short 
(cell- or matrix-bound) or long (diffusible) range,67 and a wealth of 
recent investigations have demonstrated that members of the four 
families of axon guidance cues (i.e., netrins, semaphorins, ephrins, 

slits) and their receptors play critical roles in vascular  patterning.67,69 
Both the nervous and vascular systems express Nrps and Eph recep-
tors, whereas Robo4, UNC5B, and PlexinD1 expression is mostly con-
fined to the vasculature69 (Fig. 1-4). Thus, in some locations, neurons 
and vessels may be co-patterned by similar guidance cues emitted 
by adjacent non-neuronal, nonvascular structures.

BA Vessels Nerves Vessels NervesC

FIGURE 1-3 Parallels in vessel and nerve patterning. A-B, Drawings highlight similar arborization of vascular and nervous networks. C, Vessels (red) and nerves 
(green) in skin of mouse limb track together. (Redrawn with permission from Carmeliet P, Tessier-Lavigne M: Common mechanisms of nerve and blood vessel wiring. Nature 
436:193–200, 2005; and Mukouyama YS, Shin D, Britsch S, et al: Sensory nerves determine the pattern of arterial differentiation and blood vessel branching in the skin. Cell 
109:693–705, 2002.)

Slit1-3
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EC

expression?
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FIGURE 1-4 Endothelial cell (EC) expression of axon guidance receptors. Schematic representation of the four families of axon guidance cues and their 
receptors. Receptors predominantly expressed in ECs are labeled in red, receptors with shared expression in nervous and vascular systems in blue, and molecules 
without known expression in vascular system in black. Note that at least one member of each axon guidance receptor family is expressed in vasculature. VEGF, vascular 
endothelial growth factor; VEGFR, vascular endothelial growth factor receptor. (Redrawn with permission from Adams RH, Eichmann A: Axon guidance molecules in vascular 
patterning. Cold Spring Harb Perspect Biol 2:a001875, 2010.)
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Vascular Induction of Nonvascular Tissue 
Development
In addition to neural patterning of the vasculature and mutual 
guidance of neurons and vessels, signals emitted from cells 
of the developing vasculature may modulate development of 
neurons and other nonvascular tissues. Studies with artemin 
(ARTN), a member of the GDNF family of ligands, and GDNF 
family receptor (GFR) α3/ret receptor complexes implicate 
vessels as playing a critical role in patterning sympathetic 
neurons.70,71 In mice with the tau-lacZ gene “knocked in” to the 
ARTN or GFRα3 locus, X-gal and anti-lacZ immunohistochemi-
cal stains indicate that ARTN is expressed in VSMCs, and GFRα3 
is expressed throughout the sympathetic nervous system.71 
ARTN null mice have disrupted sympathetic neuroblast migra-
tion and impaired target tissue innervation, resulting in ptosis.71 
Because blood vessels may indirectly influence development 
of adjacent nonvascular tissues through delivery of growth fac-
tors or inhibitors, it is imperative to evaluate the role of vascular 
tissues and/or vessel-derived signals in the absence of blood 
flow. Cultured rat VSMCs and sympathetic ganglia express ARTN 
and GFRα3, respectively, and co-culturing femoral arteries with 
sympathetic ganglia promotes neurite growth in a largely 
ARTN-dependent manner.70 Furthermore, ARTN-coated beads 
placed adjacent to sympathetic chains in whole embryo mouse 
cultures induce robust neurite outgrowth towards the ectopic 
source of ARTN.71

In addition to induction of neural networks, the vasculature 
plays an important role in shaping morphogenesis of other tis-
sues, including endodermal-derived organs. For instance, shortly 
after the initial specification and proliferation of hepatic cells in 
the endodermal epithelium, the early nascent liver bud invades 
the adjacent septum transversum mesenchyme. Prior to inva-
sion, discontinuous angioblasts that have not yet formed tubes 
comprise a loose network located between the early epithe-
lial and mesenchymal layers.72 Matsumoto et al. argue that this 
primitive vasculature interacts with nascent liver cells “prior to 
blood vessel formation and function.”72 VEGFR-2(−/−) embryos 
lack ECs,50 and their early hepatic endodermal cells fail to both 
proliferate adequately and invade the septum transversum mes-
enchyme.72 Furthermore, experiments with liver bud explants 
isolated from VEGFR-2 null mice or cultured in the presence 
of EC inhibitors show that ECs specifically induce hepatic cell 
proliferation.72 Similarly, the dorsal aorta has been implicated as 
playing an important role in development of the dorsal pancre-
atic bud, which gives rise to the body and tail of the pancreas.73 
In co-culture experiments, dorsal aortic tissue induces dorsal 
endodermal expression of pancreatic transcription factors as 
well as hormones such as insulin.73–75 Removal of aortic precur-
sors in Xenopus embryos or deletion of VEGFR-2 in mice results 
in failure to form the dorsal pancreatic bud or to express insulin, 
respectively.74,75 In addition to directly influencing pancreatic 
morphogenesis, aortic ECs have an indirect effect by promot-
ing survival of nearby mesenchymal cells, which in turn signal 
to the dorsal pancreatic bud.76 Furthermore, a case study of a 
patient with coarctation of the aorta and dorsal pancreas agen-
esis demonstrates the clinical relevance of these developmental 
studies.77

Lymphatic Vessel Development
Complementing the veins, the lymphatic system plays a critical 
role in transporting lymph (i.e., fluid, macromolecules, cells) 
from the interstitial space to the subclavian veins and thereby 
back to the heart. Lymphatic capillaries are highly permeable 
by virtue of their structure: a single layer of discontinuous lym-
phatic endothelial cells (LECs) without mural cells or base-
ment membrane. Lymph drains from lymphatic capillaries into 
precollector vessels and then into collecting lymphatic ves-
sels that have valves, continuous inter-EC junctions, basement  

membrane, and SMC layer. These collecting vessels drain into 
the right lymphatic trunk or thoracic duct and then into the 
right or left subclavian vein, respectively.

Based on her experiments over 100 years ago, Florence Sabin 
proposed the “centrifugal model” in which lymphatic sacs derive 
from veins, and vessels sprouting from these sacs give rise to the 
lymphatic vasculature.78,79 Recently, histological, marker, and lin-
eage studies have yielded findings supportive of Sabin's model 
(reviewed in1). The homeobox transcription factor Sox18 (sex-
determining region Y box 18) is a molecular switch that turns 
on the differentiation of venous ECs to a lymphatic EC fate,80 
and mutations in SOX18 underlie lymphatic abnormalities in 
the human disorder hypotrichosis-lymphedema- telangectasia.81 
Sox18 induces expression of a number of lymphatic mark-
ers, including the homeobox gene Prox1,80 which is absolutely 
required to initiate lymphatic vessel morphogenesis.1 Lymphatic 
development begins in the lateral parts of the cardinal veins with 
EC expression of Sox18, followed by Prox1 expression, and subse-
quently these Sox18+/Prox1+ ECs sprout laterally and form lymph 
sacs.1,80 The peripheral lymphatic vasculature then results from 
centrifugal sprouting from the lymph sacs and remodeling of the 
LEC capillary plexus. The Tie2-GFP transgene is expressed specif-
ically in blood ECs and not in LECs or undifferentiated mesen-
chyme, whereas lineage tracing with the transgenic Tie2-Cre strain 
and the R26R lacZ cre reporter marks LECs, further supporting a 
venous origin for lymphatics.82 Interestingly, the venous identity 
of lymphatic precursors is critical; deletion of COUP-TFII in ECs 
results in arterialization of veins and inhibition of LEC specifica-
tion of cardinal vein ECs.82,83

Tunica Media: Smooth Muscle 
and Extracellular Matrix
Cellular and Extracellular Matrix Components
In large and medium-sized vessels, radially outward from the EC 
layer is the tunica media, consisting of VSMCs and ECM compo-
nents including elastin and collagen. The dynamic contraction 
and relaxation of VSMCs allows for the tone of the blood ves-
sel to be adjusted to the physiological demands of the relevant 
tissue and to maintain blood pressure and perfusion. Collagen 
provides strength to the vessel wall, and elastin is largely respon-
sible for its elasticity, such that upon receiving cardiac output in 
systole, the arterial wall stretches to increase the lumen volume, 
and subsequently, in diastole, it recoils to help maintain blood 
pressure. The capillary wall is substantially thinner than that of 
larger  vessels, facilitating the transfer of substances to and from 
the vascular compartment. Capillary mural cells consist of peri-
cytes rather than VSMCs. Pericytes, VSMCs, and the ECM play criti-
cal roles in many vascular diseases, but there are strikingly few 
studies of the development of these components in comparison 
to the vast number of investigations of the morphogenesis of EC 
networks and tubes.

Although differences exist between VSMCs and pericytes (Table 1-1), 
in general these mural cell types are considered to exist along a 
continuum and lack rigid distinctions (reviewed in84). Pericytes 
are imbedded in the basement membrane of capillary ECs, and 
thus may be characterized as having an intimal location, whereas 
VSMCs are separated from the basement membrane in the media. 
Vascular smooth muscle cells are oriented circumferentially 
around the vessel, whereas pericytes have an irregular orientation. 
Pericytes contact multiple ECs and are thought to play important 
roles in intercellular communication, microvessel structure, and 
phagocytosis; VSMCs are important in regulating vascular tone. 
Molecular markers of these cell types are overlapping, but the com-
monly used markers of pericytes include platelet-derived growth 
factor receptor beta (PDGFR-β), neuron glial 2 (NG2), and regula-
tor of G-protein signaling 5 (RGS5). The markers of VSMCs include 
alpha–smooth muscle actin (αSMA) and smooth muscle myosin 
heavy chain (SMMHC).
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Vascular Smooth Muscle Cell Origins
The origins of VSMCs are diverse and differ among blood  vessels 
and even within specific regions of individual blood vessels 
(Fig. 1-5; reviewed in3). Interestingly, the borders between SMCs of 
different lineages are sharp, with little mixing among cells of dif-
ferent  origins. Smooth muscle cells of the aorticopulmonary sep-
tum, aortic arch, and cranial vessels derive from neural crest cells 
of the ectoderm, and descending aorta SMCs originate from the 
mesoderm.3 Using hoxB6-cre to mark cells derived from the LPM, 
Wasteson et al. suggest that these cells are the source of descend-
ing aortic ECs and that the ventral wall of the descending aorta 
is temporarily inhabited at around E9.5 for about 1 day with early 
SMCs that derive from the LPM.85 Subsequently,  Meox1-cre, which 

labels cells derived from both the presomitic paraxial mesoderm 
and the somites, marks SMCs that replace the LPM-derived aortic 
wall cells.85 Thus, in the adult descending aorta, ECs and SMCs 
derive from distinct mesodermal populations, the LPM and the 
presomitic/somitic mesoderm, respectively. Importantly, another 
investigation using a powerful and distinct approach, clonal anal-
ysis, previously showed that aortic SMCs share a lineage with par-
axial mesoderm-derived skeletal muscle cells.86 Here, a nlaacZ 
reporter containing a duplication of the lacZ coding sequence 
that yields a truncated inactive β-galactosidase enzyme was tar-
geted to the α-cardiac actin locus.86 The nlaacZ reporter requires 
a very rare intragenic recombination event that is heritable and 
random in order to generate a functional lacZ gene.86 X-gal 
staining showed that only 2% of nlaacZ embryos analyzed had 
labeled cells in the dorsal aorta; of these, two thirds had concom-
itant labeling in the somitic-derived myotome.86 Finally, Topouzis 
and Majesky suggest that the lineage of SMC populations has 
important functional implications.87 In response to transform-
ing growth factor (TGF)-β stimulation,  ectodermally-derived 
E14 chick embryo aortic arch SMCs increase deoxyribonucleic 
acid (DNA) synthesis, while the growth of mesodermally derived 
abdominal aortic SMCs was inhibited.87

Coronary artery SMCs are critical players in atherosclerotic 
heart disease, and there has been significant investigation into 
their origin from the proepicardium (reviewed in88). The proepi-
cardium is a transient tissue that forms on the pericardial surface 
of the septum transversum in the E9.5 mouse and, through a fasci-
nating process, gives rise to epicardial cells that migrate as a meso-
thelial sheet over the myocardium. Signals emanating from the 
myocardial cells induce an epithelial-to-mesenchymal transition 
(EMT) in which some epicardial cells lose their cell-cell adhesion 
and invade the myocardium. Furthermore, lineage labeling with 
dyes and viral vectors and more recently with genetic approaches 

Neural Crest

Secondary
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Somites
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Splanchnic
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FIGURE 1-5 Developmental origins 
of vascular smooth muscles. Colors 
represent specific origins for vascular 
smooth muscle cells (VSMCs) as indicated 
in boxed images. Yellow outline indicates 
additional contributions from various 
sources of vascular stem cells. Boundaries 
between different lineages of VSMCs are 
approximated in the figure because, in 
general, they are not precisely known 
and may shift with growth and aging. 
(Redrawn with permission from Majesky 
MW: Developmental basis of vascular 
smooth muscle diversity. Arterioscler 
Thromb Vasc Biol 27:1248–1258, 2007.)

CHARACTERISTIC PERICYTE VSMC

Vessel size Smaller Larger

Vascular wall location Within endothelial BM Media

Orientation in vessel wall Irregular Circumferential

“Function” Intercellular 
communication

Microvessel structure
Phagocytosis (in CNS)

Vascular tone

“Canonical” markers PDGFR-β, NG2, RGS5 αSMA, SMMHC

TABLE 1-1  Vascular Mural Cells: Pericytes and Vascular 
Smooth Muscle Cells*

*Differences between pericytes and VSMCs are noted, but in general, these mural cell types 
lack rigid distinctions and are considered to exist along a continuum.62 See text for details.
BM, basement membrane; CNS, central nervous system; NG2, neuron glial 2; PDGFR-β, platelet 
derived growth factor receptor beta; RGS5, regulator of G-protein signaling; αSMA, alpha-smooth 
muscle actin; SMMHC, smooth muscle myosin heavy chain; VSMC, vascular smooth muscle cell.
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using the Wilms tumor1 (Wt1)-cre has illustrated that the proepi-
cardium and epicardium contribute to the coronary artery SMC 
lineage.88,89

Similar to these studies of the coronary artery, investigations of 
other organs suggest the mesothelium could more generally be an 
important source of VSMCs. For instance, Wilm et al. showed that 
expression of the Wt1 protein in the developing gut is limited to 
the serosal mesothelium, and a Wt1-cre yeast artificial chromo-
some (YAC) transgene marked a lineage of cells that includes the 
SMCs of gut and mesenteric major blood vessels.90 Using the Wt1-
cre YAC transgene and a panel of cre reporters, lung mesothelium 
was implicated as the source of about a third of all pulmonary vas-
cular cells expressing αSMA.91

More recently, the etiology of pulmonary artery SMCs has 
become controversial. Morimoto et al. reported that embryos 
with the same Wt1-cre YAC transgene and a R26R-YFP cre reporter 
have only rare YFP+ lung VSMCs.92 Furthermore, using the Tie 1-cre,  
these authors suggest that most SMCs of the proximal pulmo-
nary arteries arise from ECs.92 Transdifferentiation of ECs into 
VSMCs has been raised previously in developmental and disease 
contexts.8,9,93 For instance, embryonic stem cell–derived Flk1+ 
cells have the potential to differentiate into ECs or mural cells.9 
However, our recent results with the VE-cadherin-cre94 and mTo-
mato/mGFP cre reporter95 indicate that ECs are not a significant 
source of the E18.5 pulmonary arterial SMCs. Additional experi-
ments indicate that instead, these cells largely derive from local 
mesenchyme.96

Smooth Muscle Cell Differentiation
A critical component of characterizing the morphogenesis of any 
tissue (e.g., vascular smooth muscle) is defining morphological 
and molecular criteria that constitute the differentiated pheno-
type of specific cell types (e.g., VSMCs) that make up the tissue.  
Early undifferentiated cells that are presumed to be destined 
to the VSMC fate have prominent endoplasmic reticulum and 
Golgi, a euchromatic nucleus, and lack a distinctly filamentous 
cytoplasm.97 In contrast, mature VMSCs have a heterochromatic 
nucleus, myofilaments, and decreased synthetic organelles.97 In 
addition to these morphological changes, differentiation of SMCs 
is marked by expression of a number of contractile and cytoskel-
etal proteins. αSMA is the most abundant protein of SMCs, com-
prising 40% of the total protein in a differentiated SMC.2 αSMA is 
an early marker of SMCs but is nonspecific; it is expressed in skel-
etal muscle and a variety of other cell types, and is temporarily 
expressed in cardiac muscle during development.2,98 The actin and 
tropomyosin binding protein transgelin (also known as SM22α) is 
another early marker of SMCs and a more specific marker of adult 
SMCs; however, it also is expressed in the other muscle types during 
development.98 The two isoforms of SMMHC are expressed slightly 
later during development than αSMA and SM22α, and in contrast 
to these other markers, SMMHC expression is limited to the SMC 
lineage.99 Smoothelin is another cytoskeletal protein that is also 
specific for SMCs but is not expressed until very late in the differ-
entiation process when the cells are part of a contractile tissue.100

Studies of VSMC development or even SMCs in the mature blood 
vessel are challenging because these cells can assume a variety 
of phenotypes, depending on their environment.2 During the early 
stages of blood vessel development, many VSMCs rapidly prolifer-
ate, migrate substantial distances, and synthesize large amounts of 
ECM components. In contrast, more mature VSMCs are predomi-
nantly sedentary and nonproliferative and express contractile pro-
teins but do not generate significant ECM. However, the distinctions 
between these synthetic and contractile states are not always firm. 
Even adult VSMCs are not terminally differentiated, so in many vas-
cular diseases, extracellular cues are implicated in inducing VSMCs 
to assume a dedifferentiated state through a process termed phe-
notypic modulation.2

Underlying these phenotypes, the gene expression program of 
SMCs toggles between a differentiated contractile set of genes 

and a distinct, undifferentiated, synthetic and proliferative set of 
genes.101 Expression of almost all smooth muscle contractile and 
cytoskeletal genes is modulated by the ubiquitous transcription 
factor serum response factor (SRF). Serum response factor binds 
the 10-base-pair DNA consensus sequence CC(A/T)6GG known as 
the CArG box (i.e., C, AT rich, G box), which is found in the reg-
ulatory regions of virtually all smooth muscle genes. In fact, for 
most SMC genes, there are at least two CArG boxes. However, the 
CArG box sequence is also found within the 23-base-pair serum 
response enhancer element of early growth response genes such 
as the c-fos proto-oncogene.101 Because SRF is ubiquitous and the 
cis- regulatory CArG element is present in both growth and differ-
entiation genes, a higher order of control is required to determine 
which of these disparate gene sets are expressed in a specific cell 
at a given time period.

Control of expression of contractile and cytoskeletal SMC genes 
is regulated through a competition for SRF between the transcrip-
tional coactivator myocardin and ternary complex factors.102 
Myocardin is a master regulator of SMC differentiation in that 
ectopic expression of this factor in nonmuscle cells is sufficient 
to induce activation of the SMC differentiation gene program.103 
In addition, murine embryos null for myocardin lack VSMC differ-
entiation and die at mid-gestation.104 Counterbalancing this effect 
of myocardin is the ternary complex factor Elk-1, which acts as a 
myogenic repressor by competing with myocardin for a common 
docking site on SRF, thereby preventing induction of SMC differen-
tiation gene expression.102

Patterning of Developing Vascular Smooth 
Muscle Cell Layers
Although a number of recent investigations describe the molecu-
lar mechanisms regulating SMC differentiation, there are relatively 
few studies of the patterning of morphogenesis of SMC layers of 
a developing blood vessel (reviewed in97). Consequently, little is 
known about recruitment of SMCs and/or their precursors to the 
vascular wall, investment of these cells around the nascent EC tube, 
and the pattern of differentiation of VSMC precursors within or in 
proximity to the vascular wall. Limited relevant studies have mostly 
focused on histology and αSMA expression in the developing aor-
tic wall. Early in development, the dorsal aortae exist as parallel 
tubes that subsequently fuse to generate the single descending 
aorta. The early EC tube is surrounded by loose undifferentiated 
mesenchymal cells, and as the aorta matures, expression of αSMA 
proceeds in a cranial-to-caudal direction.105,106 Within a cross- 
section of the descending aorta, the location of initial mesen-
chymal cell consolidation and αSMA expression depends on the 
cranial-caudal position: proximally these processes initially occur 
on the dorsal aspect of the aorta, whereas more distally they are 
first noted on the ventral side.105,106 Studies published 40 years ago 
indicate that within the chick aortic media, outer layers mature ini-
tially with condensation and elongation of early presumptive SMCs 
and accumulation of elastic tissue.107,108 In contrast, in rodent or 
quail aortae, cells immediately adjacent to the EC layer are the first 
to consolidate and express SMC markers; subsequently, additional 
layers of SMCs are added.105,106,109,110

Recently we have undertaken a meticulous investigation of 
murine pulmonary artery morphogenesis and found that the 
medial and adventitial wall of this vessel is constructed radially 
from inside out by sequential induction and recruitment of suc-
cessive layers.96 The inner layer undergoes a series of morphologi-
cal and molecular transitions that lasts about 3 days in order to 
build a relatively mature SMC layer. After this process commences 
in the first layer, the next layer initiates and completes a similar pro-
cess. Finally, this developmental program arrests midway through 
construction of the outer layer to generate a relatively “undifferen-
tiated” adventitial cell layer.

This inside-outside radial patterning is likely to involve an 
EC-derived signal and result from one or more potential mech-
anisms. For instance, in the morphogen gradient model,111 an 
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EC-derived signal diffuses through the media and adventitia 
and, depending on discrete concentration thresholds, induces 
responses in the cells of these compartments, such as changes in 
morphology, gene expression, and/or proliferation. Alternatively, 
in the relay mechanism,112 a short-range or plasma membrane-
bound EC signal induces adjacent cells, which in turn propagate 
the signal through either secreting a morphogen or inducing 
their neighbors, and so on (i.e., “the bucket brigade model”). 
Such a bucket brigade mediated by the Notch ligand Jagged1 
on SMCs is implicated in regulating ductus arteriosus closure in 
a recently published report.113 Finally, our recent results suggest 
a third mechanism in which some of the progeny of inner-layer 
SMCs migrate radially outward to contribute to the next layer(s) 
of SMCs.96

A number of signaling pathways involving an EC-derived signal 
and mesenchymal receptors have been implicated in vascular wall 
morphogenesis (reviewed in114). The PDGF pathway is perhaps the 
most well-studied pathway in vascular mural cell development, 
with a ligand expressed in ECs (PDGF-β) and receptors expressed 
in undifferentiated mesenchyme (PDGFR-α and -β) and peri-
cytes (PDGFR-β). Mice null for PDGF-b or PDGFR-b have reduced 
SMC coverage of medium-sized arteries and lack pericytes, which 
results in microvascular hemorrhages and perinatal lethality.115–118 
In addition, when co-cultured with ECs, undifferentiated embry-
onic mesenchymal 10 T1/2 cells are induced to express SMC mark-
ers and elongate in a TGF-β-dependent manner.119 Similar changes 
are also induced by directly treating 10 T1/2 cells with TGF-β1.

119 
Furthermore, the Notch pathway has been shown to play impor-
tant roles in arterial SMC differentiation in vivo (reviewed in120), 
and EC-derived Jagged1 is required for normal aortic and yolk sac 
vessel SMC differentiation.121 In human adults, the receptor Notch3 
is specifically expressed in arterial SMCs, and at birth, blood vessels 
of Notch3 null mice and wildtype mice are indistinguishable.122,123 
However, Notch3 is required for postnatal maturation of the tunica 
media of small vessels in mice.122 Furthermore, NOTCH3 mutations 
in humans cause the CADASIL (cerebral autosomal dominant arte-
riopathy with stroke and dementia) syndrome, characterized clini-
cally by adult-onset recurrent subcortical ischemic strokes and 
vascular dementia, and pathologically by degeneration and even-
tual loss of VSMCs.123,124 Finally, it is important to note that other 
signaling pathways, such as those mediated by angiopoietin-Tie 
and S1P ligand-receptor pairs, do not involve an EC-derived ligand 
and/or mesenchymal receptors but play important roles in SMC 
development.114

Extracellular Matrix: Collagen and Elastic Fibers
In addition to maturation of cellular constituents of the blood ves-
sel wall, proper formation of the ECM is also critical for vascular 
function. Gene expression profiling of the developing mouse aorta 
revealed dynamic expression of most structural matrix proteins: an 
initial major increase of expression at E14 is often followed by a 
brief decrease at postnatal day 0 (P0), and then a steady rise for 
about 2 weeks, and finally a decline to low levels at 2 to 3 months 
that persist into adulthood.125,126 Within the tunica media, circum-
ferential collagen fibers have high tensile strength and bear most 
of the stressing forces at or above physiological blood pressures.126 
Seventeen collagens are expressed in the developing murine aor-
tic wall, and deletions in a number of them result in vascular phe-
notypes.126 Furthermore, COLLAGEN3A1 mutations in humans are 
responsible for Ehlers-Danlos syndrome type IV, with vascular man-
ifestations that include vessel fragility and large-vessel aneurysm 
and rupture.126

In contrast to collagen, elastin has low tensile strength, is dis-
tensible, and distributes stress throughout the wall, including onto 
collagen fibers.126 Elastin is the major protein of the arterial wall, 
comprising up to 50% of the dry weight of the aorta.127 Vascular 
smooth muscle cells secrete tropoelastin monomers that undergo 
posttranslational modifications, cross-linking, and are organized into 
circumferential elastic lamellae in the tunica media. These elastic 

lamellae alternate with rings of VSMCs to form lamellar units. Eln(+/−) 
mice have a normal lifespan despite being hypertensive and having 
a 50% reduction in elastin mRNA.128,129 In comparison to wildtype, 
the Eln(+/−) aorta has thinner elastic lamellae but a 35% increase in 
the number of lamellar units, which results in a similar tension per 
lamellar unit.129,130 More dramatically, humans hemizygous for the 
ELN-null mutant have a 2.5-fold increase in lamellar units and suf-
fer an obstructive arterial disease, supravalvular aortic stenosis.129 
Similarly, at the end of gestation in the mouse, subendothelial cells 
of Eln(−/−) arteries are hyperproliferative, resulting in increased num-
bers of αSMA+ cells and reduced luminal diameter, with lethality by 
P4.5.131 Furthermore, it is conceivable that localized disruption of 
elastin in the mature artery results in focal SMC phenotypic modu-
lation and consequent neointima formation132 (Fig. 1-6).

Finally, microfibrils are fibrous structures intimately associated 
with elastic fibers surrounding the elastin core. Fibrillin1 is the 
major structural component of microfibrils, and its temporal pat-
tern of expression during aortic development is similar to that 
of most structural proteins (e.g., elastin), except the peak expres-
sion of fibrillin1 occurs at P0.125 Mutations in the human FBN1 
gene result in Marfan syndrome, with vascular manifestations that 
include aortic root aneurysm and dissection.133

Developing Artery

Normal Mature ArteryA

C

B

Artery with Disrupted Elastin

Artery Lacking Elastin

FIGURE 1-6 Elastin–vascular smooth muscle cell (VSMC) interactions 
in development and disease. A, During normal development, concentric 
rings of elastic lamellae form around arterial lumen. Elastin signals VSMCs to 
localize around elastic lamellae and remain in a quiescent, contractile state.  
B, In the absence of elastin, this morphogenic signal is lost, resulting in pervasive 
subendothelial migration and proliferation of VSMCs that occlude vascular lumen. 
C, Karnik et al. propose that vascular injury of the mature artery may focally 
disrupt elastin, releasing smooth muscle cells (SMCs) to dedifferentiate, migrate, 
and proliferate and thereby contribute to neointimal formation.132 (Redrawn with 
permission from Karnik SK, Brooke BS, Bayes-Genis A, et al: a critical role for elastin 
signaling in vascular morphogenesis and disease. Development 130:411–423, 2003.)
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Tunica Adventitia: Fibroblasts  
and Loose Connective Tissue
Owing to a striking paucity of studies, very little is known about 
development of the outer layer of blood vessels, which is referred 
to as the tunica adventitia or tunica externa. The tunica externa is 
composed of loose connective tissue (mostly collagen), and the 
predominant cell type is the fibroblast. Diffusion of nutrients from 
the lumen to the adventitia and outer media is inadequate in larger 
vessels, so the adventitia of these vessels also includes small arteries 
known as the vaso vasorum that supply a capillary network extend-
ing through the adventitia and into the media. The adventitia of 
coronary vessels is thought to arise from the epicardium, based on 
experiments with quail-chick transplants.134 Quail epicardial cells 
grafted into the pericardial space of the E2 chick undergo EMT and 
contribute to both coronary vascular SMCs (consistent with find-
ings discussed earlier regarding VSMC origins in the tunica media) 
and coronary perivascular fibroblasts.134

Recently a number of studies have investigated a population 
of adventitial cells expressing stem cell markers. These investiga-
tions are largely a result of a paradigm shift: classically, the adven-
titia was considered a passive supportive tissue, but more recently, 
adventitial fibroblast and progenitor cells have been implicated as 
playing an important role in neointimal formation during vascular 
disease.135,136 A niche for cells expressing the stem cell marker CD34 
(but not the EC marker CD31) has been identified in the interface 
between the media and adventitia of human internal thoracic 
arteries.137 The intensively studied growth factor Shh is expressed 
in this vascular “stem cell” niche of medium and large-sized arter-
ies of the perinatal mouse.138 Patched-1 (Ptc1) and patched-2 (Ptc2) 
are Shh target genes, and their gene products are Shh receptors. 
β-Galactosidase staining in Shh reporter mice, Ptc1lacZ or Ptc2lacZ, 
suggests that Shh signaling is active in the adventitia during the 
late embryonic period and early postnatal period.138 Cells express-
ing the stem cell marker Sca1 are located in the adventitia of the 
mouse between the aortic and pulmonary trunks, initially in the 
late embryonic stages and persisting into adulthood, and Shh sig-
naling appears to be critical for this population of cells because 
the number of adventitial Sca1+ cells is greatly diminished in Shh 
null mice.138 In sum, the adventitia is likely to be an important tis-
sue in vascular development and disease; however, its role in these 
processes is critically understudied.
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C H A P T E R  2  The Endothelium
Jane A. Leopold

In 1839, the German physiologist Theodor Schwann became the 
first to describe a “thin, but distinctly perceptible membrane” that 
he observed as part of the capillary vessel wall that separated 
 circulating blood from tissue.1,2 The cellular monolayer that formed 
this  membrane would later be named the endothelium; however, the 
term endothelium did not appear until 1865 when it was introduced 
by the Swiss anatomist Wilhelm His in his essay,  “Die Häute und 
Höhlen des Körpers (The Membranes and Cavities of the Body).”2,3 
Owing to its anatomical location, the endothelium was believed 
 initially to be a passive receptacle for circulating blood, cells, and 
macromolecules. It is now known that the endothelium is a dynamic 
cellular structure, and its biological and functional properties extend 
beyond that of a physical anatomical boundary. In its  totality, the 
endothelium comprises approximately 10 trillion (1013) cells with a 
surface area of 7 m2, weighs 1.0 to 1.8 kilograms, and contributes 1.4% 
to total body mass.4,5 Endothelium exists as a monolayer of cells that is  
present in all arteries, veins, capillaries, and the  lymphatic system, and 
lies at the interface of the bloodstream or lymph and the vessel wall.

The paradigm shift in our understanding of the role of the 
endothelium in vascular function has occurred over the past half 
century and continues to evolve. As a cellular structure with its 
luminal surface in continuous contact with flowing blood, the 
endothelium serves as a thromboresistant, semipermeable bar-
rier, and governs interactions with circulating inflammatory and 
immune cells. In response to pulsatile flow and pressure, the endo-
thelium mechanotransduces these hemodynamic forces to syn-
thesize and release vasoactive substances that regulate vascular 
tone as well as signals for compensatory vessel wall remodeling. 
This chapter will focus on the biology of the endothelium to pro-
vide insight into how  perturbations of these homeostatic func-
tions result in  (mal) adaptive responses that determine vascular 
health or disease.

Homeostatic Functions  
of the Endothelium
The endothelium exhibits considerable regional heterogeneity 
that reflects its arterial or venous location in the vascular tree, as 
well as the specialized metabolic and functional demands of the 
underlying tissues.5–7 Despite this heterogeneity, there are basal 
homeostatic properties that are common to all endothelial cell 
(EC) populations, although some of these functions may achieve 
greater importance in selected vascular beds7 (Box 2-1).

Maintenance of a Thromboresistant Surface  
and Regulation of Hemostasis
The endothelium was first recognized as a cellular structure that 
compartmentalizes circulating blood.4 As such, the endothelial  
luminal surface is exposed to cells and proteins in the bloodstream 
that possess prothrombotic and procoagulant activity and, when 
necessary, support hemostasis. Normal endothelium  preserves blood 
fluidity by synthesizing and secreting factors that limit activation of 
the clotting cascade, inhibit platelet aggregation, and promote fibri-
nolysis.8 These include the cell surface– associated anticoagulant 
factors thrombomodulin, protein C, tissue factor pathway inhibi-
tor (TFPI), and heparan sulfate proteoglycans (HSPG) that act in 
concert to limit coagulation at the luminal surface of the endothe-
lium.8–10 For instance, thrombin-mediated activation of protein C is 
accelerated 104-fold by binding to thrombomodulin, Ca2+, and the 
endothelial protein C receptor. Activated protein C (APC) engages 
circulating protein S, which is also synthesized and released by the 
endothelium, to inactivate factors Va and VIIIa proteolytically.8,11 
Tissue factor pathway inhibitor is a Kunitz-type protease inhibitor 

that binds to and inhibits factor VIIa; about 80% of TFPI is bound 
to the endothelium via a  glycosylphosphatidylinositol anchor and 
forms a quaternary complex with tissue factor – factor VIIa to dimin-
ish its procoagulant activity.12,13 Proteoglycan heparan sulfates that 
are present in the EC glycocalyx attain anticoagulant properties by 
catalyzing the association of the circulating serine protease inhibi-
tor antithrombin III to factors Xa, IXa, and thrombin.8 Thus, these 
anticoagulant factors serve to limit activation and propagation of 
the clotting cascade at the endothelial luminal surface and thereby 
maintain vascular patency.

The endothelium also synthesizes and secretes tissue 
 plasminogen activator (tPA) and the ecto-adenosine diphos-
phatase (ecto-ADPase) CD39 to promote fibrinolysis and inhibit 
platelet activation, respectively. Tissue plasminogen activator is 
produced and released into the bloodstream continuously, but 
unless tPA binds fibrin, it is cleared from the plasma within 15 min-
utes by the liver.8 Fibrin binding accelerates tPA  amidolytic activity 
by increasing the catalytic efficiency for plasminogen activation 
and plasmin generation. Platelet activation at the  endothelial 
luminal surface is inhibited by the actions of the ectonucleotidase 
CD39/NTPDase1 that hydrolyzes adenosine diphosphate (ADP), 
prostacyclin (PGI2), and nitric oxide (NO).8,14,15 Together these 
agents maintain an  environment on the endothelial surface that is 
profibrinolytic and antithrombotic.

By contrast, in the setting of an acute vascular injury or trauma, 
the endothelium initiates a rapid and measured hemostatic 
response through regulated synthesis and release of tissue factor 
and von Willebrand factor (vWF). Tissue factor is a multidomain 
transmembrane glycoprotein (GP) that forms a complex with cir-
culating factor VIIa to activate the coagulation cascade and gen-
erate thrombin.16 Tissue factor is expressed by vascular smooth 
muscle cells (VSMCs) and fibroblasts and by ECs only after acti-
vation. Tissue factor acquires its biological activity by phosphati-
dylserine exposure, dedimerization, decreased exposure to TFPI,  
or posttranslational modification(s) including disulfide bond  
formation between Cys186 and Cys209.17–19 This disulfide bond is 
important for tissue factor coagulation activity and may be reduced 
by protein disulfide isomerase, which is located on the EC surface.

The endothelium also synthesizes and stores vWF, a large poly-
meric GP that is expressed rapidly in response to injury.  Propeptides 
and multimers of vWF are packaged in Weibel-Palade bodies that 
are unique to the endothelium. Once released, vWF multimers 
form elongated strings that retain platelets at sites of endothelial 
injury.  Weibel-Palade bodies also contain P-selectin, angiopoietin-2, 
osteoprotegerin, the tetraspanin CD63/Lamp3, as well as cytokines, 
which are believed to be present as a result of incidental packag-
ing.20 The stored pool of vWF may be mobilized quickly to the endo-
thelial surface, where it binds to exposed collagen and  participates 
in formation of a primary platelet hemostatic plug. The endothe-
lium modulates this response further by regulating vWF size, and 
thereby its activity, through the action of the  EC  product ADAMTS13 
(a disintegrin and metalloproteinase with thrombospondin type I 
motif, number 13).21 This protease cleaves released vWF at Tyr1605-
Met1606 to generate smaller-sized polymers and decrease the pro-
pensity for platelet thrombus formation.21 Thus, the endothelium 
uses geographical separation of factors that regulate its anti- and 
prothrombotic functions to maintain blood fluidity yet allow for a 
hemostatic response to vascular injury.

Semipermeable Barrier and Transendothelial 
Transport Pathways
The endothelial monolayer serves as a size-selective semi-
permeable barrier that restricts the free bidirectional transit 
of water, macromolecules, and circulating or resident cells 
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between the bloodstream and underlying vessel wall or tis-
sues. Permeability function is determined in part by the archi-
tectural arrangement of the endothelial monolayer, as well as 
the activation of pathways that facilitate the transendothelial 
transport of fluids, molecules, and cells. This transport occurs 
via either transcellular pathways that involve vesicle forma-
tion, trafficking, and transcytosis, or by the loosening of inter-
endothelial junctions and paracellular pathways22 (Fig. 2-1). 
Molecules that traverse the endothelium by paracellular path-
ways are size restricted to a radius of 3 nm or less, whereas 
those of larger diameter may be actively transported across the 
cell in vesicles.23 Although the diffusive flux of water occurs 
in ECs through  aquaporin transmembrane water channels, the 

contribution of these channels to hydraulic conductivity and 
cellular permeability is limited.24

There is significant macrostructural heterogeneity of the endo-
thelial monolayer that reflects the functional and metabolic 
requirements of the underlying tissue and has consequences for 
its permeability function. Endothelium may be arranged in either  
a continuous or discontinuous manner: continuous endothelium 
is either nonfenestrated or fenestrated.4–6

Continuous nonfenestrated endothelium forms a highly 
 exclusive barrier and is found in the arterial and venous blood 
vessels of the heart, lung, skin, connective tissue, muscle, ret-
ina, spinal cord, brain, and mesentery.4–6 By contrast, continuous 
fenestrated  endothelium is located in vessels that supply organs 
involved in filtration or with a high demand for transendothe-
lial transport, including renal glomeruli, the ascending vasa recta 
and  peritubular capillaries of the kidney, endocrine, and exocrine 
glands,  intestinal villi, and the choroid plexus of the brain.4–6 These 
ECs are characterized by fenestrae, or transcellular pores, with a 
 diameter of 50 to 80 nm that, in the majority of cells, has a 5- to 
6-mm nonmembranous diaphragm across the pore opening.4–6,22 
The distribution of these fenestrae may be polarized within the 
EC and allow for enhanced barrier size selectivity owing to the 
diaphragm.4–6

Discontinuous endothelium is found in the bone marrow, 
spleen, and liver sinusoids. This type of endothelial monolayer is 
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FIGURE 2-1 Transendothelial transport mechanisms. The endothelium is a semipermeable membrane that facilitates transendothelial transport of solutes, 
macromolecules, and cells via a transcellular pathway (left) or a paracellular pathway (right). The transcellular pathway allows for transit of albumin and other large 
molecules across the endothelium using caveolae as the transport mechanism. Once caveolin-1 (cav-1) interacts with gp60, caveolae separate from cell surface to 
form vesicles that undergo vectorial transit to the endoluminal surface. Here, the vesicles fuse with soluble N-ethylmaleimide-sensitive factor attachment receptors 
(SNAREs) and release their cargo to the subendothelial space. By contrast, the paracellular pathway relies on the integrity of adherens junctions between endothelial 
cells (EC). Vascular endothelial (VE)-cadherin molecules from adjacent ECs form a barrier that is maintained by β-catenin (β-cat), α-catenin (α-cat), and γ-catenin (γ-
cat). Some mediators that increase permeability do so by promoting actin cytoskeletal rearrangement, leading to physical separation of the VE-cadherin molecules 
and passage of solutes and proteins. Platelet–endothelial cell adhesion molecule-1 (PECAM-1) and junctional adhesion molecules (JAM) present in the adherens 
junction also allow leukocytes to traffic through the adherens junction. (Adapted from Komarova Y, Malik AB: Regulation of endothelial permeability via paracellular and 
transcellular transport pathways. Annu Rev Physiol 72:463–493, 2010.)

maintenance of a thromboresistant surface
Regulate hemostasis
Function as a semipermeable barrier
modulate transendothelial transport of fluids, proteins, and cells
Regulate vascular tone
Regulate inflammation and leukocyte trafficking
Participate in vascular repair and remodeling
Sense and mechanotransduce hemodynamic forces

Box 2-1 Homeostatic Functions of the Endothelium
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 notable for its large-diameter fenestrae (100-200 nm) with absent 
 diaphragms and gaps, and a poorly organized underlying base-
ment membrane that is permissive for transcellular flow of water 
and solutes as well as cellular trafficking.4–6

Transcellular and paracellular pathways are two distinct routes 
by which plasma proteins, solutes, and fluids traverse the endo-
thelial monolayer. The transcellular pathway provides a receptor-
mediated mechanism to transport albumin, lipids, and hormones 
across the endothelium.22,25,26 The paracellular pathway is depen-
dent upon the structural integrity of adherens, tight, and gap junc-
tions and allows fluids and solutes to permeate between ECs but 
restricts passage of large molecules.22,25,26 Although these pathways 
were believed to function independently, it is now  recognized that 
they are interrelated and together modulate permeability under 
basal conditions.

The transcellular transport of albumin and albumin-bound 
 macromolecules is initiated by albumin binding to gp60, or albon-
din, a 60-kDa albumin-binding protein located in  flask-shaped 
caveolae that reside at the cell surface.27,28 These caveolae 
are cholesterol- and sphingolipid-rich structures that contain 
 caveolin-1. Once activated, gp60 interacts with caveolin-1,  followed 
by  constriction of the caveolae neck and fission from the cell 
 surface.29,30 These actions lead to formation of vesicles with a diam-
eter of about 70 nm and vesicle transcytosis. Caveolae may contain 
as much as 15% to 20% of the cell volume, so they are capable 
of moving significant amounts of fluid across the cell through 
this mechanism.29,30 Once vesicles have detached from the mem-
brane, they undergo vectorial transit to the abluminal membrane, 
where they dock and fuse with the plasma membrane by inter-
acting with vesicle-associated and membrane-associated target 
soluble N-ethylmaleimide-sensitive factor attachment  receptors 
(SNAREs).31 Once docked, the vesicles release their cargo to 
the interstitial space. Vesicles may traverse the cell as individual 
 structures or cluster to form channel-like structures with a diameter 
of 80 to 200 nm that span the cell.5,6 Although transcellular vesicle 
trafficking is the predominant mechanism by which cells transport 
albumin, it is now appreciated that this pathway is not absolutely 
necessary for permeability function, owing to the  compensatory 
capabilities of the paracellular pathway.

The junctions between ECs include the adherens, tight, and gap 
junctions; only the former two modulate permeability and com-
prise the paracellular pathway.32 Adherens junctions are normally 
impermeant to albumin and other large molecules and are the 
major determinant of endothelial barrier function and permeabil-
ity. The expression of tight junctions, by contrast, is limited to the 
blood-brain or blood-retinal barriers where they restrict or prevent 
passage of small molecules (<1 kDa) and some  inorganic ions.22 
Gap junctions are composed of connexins that form a channel 
between adjacent cells to enhance cell-cell communication and 
facilitate the transit of water, small molecules, and ions.22

Adherens junctions are critical for maintaining endothelial  barrier 
functional integrity and are composed of complexes of vascular 
endothelial (VE)-cadherin and catenins. Vascular endothelial cad-
herin is a transmembrane GP with five extracellular repeats, a trans-
membrane segment, and a cytoplasmic tail. The  external domains 
mediate the calcium-dependent hemophilic  adhesion between 
VE-cadherin molecules expressed in adjacent cells.25,26,33 The 
 cytoplasmic tail interacts with β-catenin,  plakoglobin (γ-catenin), 
and p120 catenin to control the  organization of VE-cadherin and 
the actin cytoskeleton at adherens junctions.  The actin  binding pro-
teins α-actinin, annexin 2, formin-1, and eplin may further  stabilize 
this interaction. Other proteins located in adherens junctions 
thought to provide stability include junctional  adhesion molecules 
(JAMs) and platelet–EC adhesion molecule 1 (PECAM-1).22

Endothelial permeability may be increased or decreased 
through mechanisms that involve adherens junction remodel-
ing or through interactions with the actin cytoskeleton.25,26,34 
These events may occur rapidly, be transient or sustained, and 
are reversible. Most commonly, mediators that increase endothe-
lial  permeability either destabilize adherens junctions through 

phosphorylation, and thereby internalization, of VE-cadherin 
or by RhoA activation and actin cytoskeletal rearrangement to 
physically pull apart VE-cadherin molecules and adherens junc-
tions, resulting in intercellular gaps.22 To counteract these effects, 
other mediators that attenuate permeability are present in the 
plasma or interstitial space. Fibroblast growth factor (FGF) sta-
bilizes VE-cadherin by stabilizing VE-cadherin-gp120-catenin 
interaction. Sphingosine-1-phosphate, generated by breakdown 
of the membrane  phospholipid sphingomyelin or released from 
activated platelets, also stabilizes adherens junctions. This effect 
occurs through activation of Rac1/Rap1/Cdc42 signaling and 
reorganization of the actin cytoskeleton,  recycling of VE-cadherin 
to the cell surface, and (re)assembly of adherens junctions. The 
cytokine angiopoietin-1 stabilizes adherens junctions by inhibit-
ing  endocytosis of VE-cadherin.22,25,26,35,36

Endothelial tight junctions predominate in specialized vascular 
beds that require an impermeable barrier. These tight junctions 
are composed of the specific tight junction proteins occludin, 
claudins (3/5), and JAM-A.22,33,36,37 Occludin and claudins are mem-
brane proteins that contain four transmembrane and two extra-
cellular loop domains. The extracellular loop domains of these 
proteins bind similar domains on neighboring cells to seal the 
intercellular cleft and prevent permeability. Occludin, claudins, 
and JAM-A are also tethered to the actin cytoskeleton by α-catenin 
and zona occludens proteins (ZO-1, ZO-2).22 The ZO proteins 
also function as guanylyl kinases or scaffolding proteins and use 
PDZ and Sc homology 3 (SH3)-binding domains to recruit other 
 signaling molecules. Connections between tight junctions and the 
actin cytoskeleton are stabilized further via the actin cross-linking 
proteins spectrin or filamen or by the accessory proteins cingulin 
and AF-6.22,36 In this manner, the junctions remain stabilized and 
sealed to limit or  prevent transendothelial transport of fluids and 
molecules.

Regulation of Vascular Tone
Since the early seminal studies of Furchgott and Zawadski, it has 
been increasingly recognized that the endothelium regulates 
 vascular tone via endothelium-derived factors that maintain a bal-
ance between vasoconstriction and vasodilation38,39 (Fig. 2-2). The 
endothelium produces both gaseous and peptide vasodilators, 
including NO, hydrogen sulfide, PGI2, and endothelium-derived 
hyperpolarizing factor (EDHF). The effects of these substances on 
vascular tone are counterbalanced by vasoconstrictors that are 
either synthesized or processed by the endothelium, such as throm-
boxane A2 TxA2, a product of arachidonic acid metabolism, and  
the peptides endothelin-1 (ET-1) and angiotensin II (Ang-II). The 
 relative importance of these vasodilator or vasoconstrictor sub-
stances for maintaining vascular tone differs between vascular 
beds, with NO serving as the primary vasodilator in large conduit 
 elastic vessels and non-NO mechanisms playing a greater role in 
the microcirculation.

Nitric oxide is synthesized by three structurally similar NO 
synthase (NOS) isoenzymes: the constitutive enzyme identified 
in the endothelium (eNOS or NOS3) and neuronal cells (nNOS 
or NOS1) or the inducible enzyme (iNOS or NOS2) found in 
smooth muscle cells (SMCs), neutrophils, and macrophages fol-
lowing exposure to endotoxin or inflammatory cytokines.40–42 
Nitric oxide is generated via a five-electron oxidation reaction of 
l-arginine to form l-citrulline and stoichiometric amounts of NO, 
and requires molecular oxygen and NADPH as co-substrates and 
flavin adenine dinucleotide, flavin mononucleotide, heme, and 
tetrahydrobiopterin as cofactors.43–45 In the endothelium, eNOS 
expression is up-regulated by a diverse array of stimuli including 
transforming growth factor (TGF)-β1, lysophosphatidylcholine, 
hydrogen peroxide, tumor necrosis factor (TNF)-α, oxidized low-
density lipoprotein (LDL) cholesterol, laminar shear stress, and 
hypoxia, and is subject to both posttranscriptional and posttrans-
lational  modifications that influence activity, including phosphor-
ylation, acetylation,  palmitoylation and  myristolation, as well as 



17

CH 
2

T
H

E En
d

o
T

H
Eliu

m

 localization to caveolae.45 Once generated, NO  diffuses into SMCs 
and reacts with the heme iron of  guanylyl cyclase to increase 
cyclic guanosine monophosphate (cGMP) levels and  promote 
vasodilation.42 Nitric oxide can also react with SH-containing 
molecules and proteins (e.g., peroxynitrite, N2O2) to generate 
S-nitrosothiols, a stable reservoir of bioavailable NO with recog-
nized antiplatelet and vasodilator effects.46–48 In the presence of 
oxygen, NO can be oxidized to nitrite and nitrate,  which are sta-
ble end-products of NO metabolism; nitrite serves as a vasodilator, 
predominantly in the pulmonary and cerebral circulations.48,49 
In addition to vasodilator and antiplatelet effects, NO has other 
paracrine effects that include regulation of VSMC proliferation 
and migration, and leukocyte adhesion and activation.15

Hydrogen sulfide gas generated by the endothelium also pos-
sesses vasodilator properties. Hydrogen sulfide is membrane per-
meable and released as a byproduct of cysteine or homocysteine 
metabolism via the transulfuration/cystathionine-β-synthase and 
cystathionine-γ-lyase pathway or by the catabolism of cysteine 
via cysteine aminotransferase and 3-mercaptopyruvate  sulfur 
transferase. Hydrogen sulfide–mediated vasodilation results from 
activation of KATP and transient receptor membrane channel 
currents.50–52

Prostacyclin is an eicosanoid generated by cyclooxygenase 
(COX) and arachidonic acid metabolism in the  endothelium. 
It  promotes vasodilation via adenylyl cyclase/cyclic  adenosine 
monophosphate (cAMP) signal transduction pathways. 
Prostacyclin also induces smooth muscle relaxation by reduc-
ing cytoplasmic Ca2+ availability; decreases VSMC proliferation 
through a cAMP–peroxisome proliferator-activated receptor 
(PPAR)-γ-mediated mechanism, and limits inflammation by 
decreasing interleukin (IL)-1 and IL-6.53 Importantly, PGI2 has 
 significant antiplatelet effects and by decreasing TxA2 lev-
els, limits platelet aggregation. Because both COX-1 (consti-
tutively expressed) and COX-2 (induced) contribute to basal 
PGI2 production, selective pharmacological inhibition of either 
 isoform may result in diminished PGI2 levels, increased platelet 
 aggregation, and impaired vasodilation.54

No single molecule has been identified as the vasodila-
tor referred to as endothelium-derived hyperpolarizing factor, 
and the effects attributed to Endothelium-derived hyperpolar-
izing factor likely represent the composite actions of several 
agents that share a common mechanism. Endothelium-derived 
 hyperpolarizing factor is an important vasodilator in the micro-
circulation and acts by  opening K+ channels to allow for K+ 
efflux,  hyperpolarization, and vascular smooth muscle relax-
ation. Candidate EDHFs include the 11, 12-epoxyeicosatrienoic 
acids and  hydrogen peroxide.39,55–58

To counterbalance the effects of endothelium-derived vaso-
dilators, the endothelium also synthesizes the vasoconstrictor 
ET-1 and metabolizes Ang I to Ang II. Endothelin-1, a 21-amino-
acid peptide, is synthesized initially as inactive pre-proET-1 that 
is processed by endothelin-converting enzymes to its active 
form.59,60 Endothelin-1 binds to the G protein–coupled recep-
tors (GPCRs) ETA and ETB: ECs express ETB, whereas SMCs 
express both receptors.  Although activation of endothelial ETB 
increases NO production, concomitant activation of SMC ETA 
and ETB results in prolonged and long-lasting vasoconstriction 
that predominates.61

There is no evidence that ET-1 is stored for immediate early 
release in the endothelium, indicating that acute stimuli such 
as hypoxia, TGF-β, and shear stress that increase ET-1 produc-
tion do so via a transcriptional mechanism; however, ET-1 and 
endothelin-converting enzyme are packaged in Weibel-Palade 
bodies.62 Endothelium also expresses angiotensin-converting 
enzyme (ACE) and, as such, modulates processing of Ang-I to 
the vasoconstrictor peptide Ang-II.63 Ang-II–stimulated activa-
tion of the Ang-I receptor results in vasoconstriction and SMC 
hypertrophy and proliferation, in part, by activating NADPH 
oxidase to increase reactive oxygen species (ROS) produc-
tion.64–66 Vascular tone, therefore, is determined by the balance 
of vasodilator and vasoconstrictor substances  synthesized or 
processed by the endothelium in response to   stimuli: each vaso-
active mediator may attain individual importance in a  different 
vascular bed.
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FIGURE 2-2 Endothelium-derived vasoactive factors. Endothelium modulates vascular tone by synthesizing or participating in activation of vasoactive 
peptides that promote vascular smooth muscle cell (VSMC) vasodilation or relaxation. The vasodilator gases nitric oxide (NO) and carbon monoxide (CO) activate 
soluble guanylyl cyclase (sGC) to increase cyclic guanosine monophosphate (cGMP) levels, although NO has a far greater affinity for sGC than CO. Hydrogen sulfide 
(H

2
S), similar to endothelium-derived hyperpolarizing factor (EDHF) activates potassium channels. Prostacyclin (PGI

2
) promotes vasodilation by activating adenylyl 

cyclase (AC) to increase cyclic adenosine monophosphate (cAMP) levels that influence calcium handling by sarcoplasmic reticulum calcium ATPase. Endothelium also 
synthesizes the vasoconstrictor peptide endothelin-1 (ET-1) and metabolizes angiotensin I (Ang-I) to angiotensin II (Ang-II). These vasoconstrictor peptides activate 
phospholipase C (PLC) and protein kinase C (PKC) signaling, phospholipase A (PLA) and arachidonic acid (AA) metabolism, activate mitogen-activated protein kinase 
(MAPK) signaling through β-arrestin-cSrc signaling, or increase NADPH oxidase activity and reactive oxygen species (ROS) levels.
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Regulating Response to Inflammatory 
and Immune Stimuli
The endothelium monitors circulating blood for foreign pathogens 
and participates in immunosurveillance by expressing Toll-like 
receptors (TLRs) 2, 3, and 4.67–69 These TLRs identify pathogen- 
associated molecular patterns that are common to bacterial cell 
wall proteins or viral deoxyribonucleic acid (DNA) and ribonu-
cleic acid (RNA) in the bloodstream. Once activated, TLRs elicit an 
inflammatory response through activation of nuclear factor (NF)-
κB and generation of chemokines that promote transendothelial 
migration of leukocytes, have chemoattractant and mitogenic 
effects, and increase endothelial oxidant stress and apoptosis.67,68

The quiescent endothelium maintains its antiinflammatory phe-
notype through expression of cytokines with antiinflammatory 
properties and cytoprotective antioxidant enzymes that limit oxi-
dant stress. The endothelium synthesizes TGF-β1, which inhibits 
synthesis of the proinflammatory cytokines monocyte chemotac-
tic protein-1 (MCP-1) and IL-8; expression of the TNF-α receptor; 
NF-κB-mediated proinflammatory signaling; and leukocyte adher-
ence to the luminal surface of the endothelium.70,71 Endothelium 
also expresses a wide array of antioxidant enzymes, including  
catalase, the superoxide dismutases, glutathione peroxidase-1, 
peroxiredoxins, and glucose-6-phosphate dehydrogenase.48 Through 
the actions of these antioxidant enzymes, ROS are reduced, and the 
redox environment remains stable. This homeostatic redox modu-
lation also limits activation of ROS-stimulated transcription factors 
such as NF-κB, activator  protein-1, specificity protein-1, and PPARs.48 
The inflammatory phenotype of the endothelium is also influenced 
by other circulating or paracrine factors that have antioxidant or 
antiinflammatory properties, such as high-density lipoprotein (HDL) 
cholesterol, IL-4, IL-10, IL-13, and IL-1 receptor antagonist.5,6,72,73

The endothelium is capable of mounting a rapid inflam-
matory response that involves the actions of chemoattractant 
cytokines, or chemokines, and their associated receptors to 
facilitate interactions between leukocytes and the endothe-
lium. Endothelial cells express the chemokine receptors CXCR4, 
CCR2, and CCR8 on the luminal or abluminal surface of cells.74 
These receptors bind and transport chemokines to the oppo-
site side of the cell to generate a chemoattractant gradient for 
inflammatory cell homing. Heparan sulfate (HS), which is pres-
ent in the endothelial glycocalyx, may serve as a  chemokine 
presenter and is necessary for the action of some chemokines 
such as CXCL8, CCL2, CCL4, and CCL5.75,76

Endothelial cells also express the Duffy antigen receptor for 
chemokines (DARC) that participates in chemokine transcytosis 
across cells. Duffy antigen receptor for chemokines is a member 
of the silent chemokine receptor family that has high homology 
to GPCRs and can bind a broad spectrum of inflammatory CC and 
CXC chemokines, including MCP-1, IL-8, and CCL5 or Regulated 
upon Activation, Normal T-cell Expressed, and Secreted (RANTES), 
but does not activate G-protein signaling.77–79 Exposure to chemo-
kines, in turn, activates cellular signaling pathways that promote 
EC–leukocyte interactions; however, homing of leukocytes to tis-
sues is mediated directly by cell surface adhesion molecules.

Endothelium expresses selectins and immunoglobulin (Ig)-
like cell surface adhesion molecules that regulate endothelial-
leukocyte interactions. P-selectin and E-selectin are lectin-like 
transmembrane GPs. These selectins mediate leukocyte adhe-
sion through Ca2+-dependent binding of their N-terminal C-type 
lectin-like domain with a sialyl-Lewis X capping structure ligand 
 present on leukocytes.80–82 P-selectin is stored in Weibel-Palade 
bodies where it can be mobilized rapidly to the cell surface in 
response to thrombin, histamine, complement activation, ROS, 
and inflammatory cytokines. Cell surface expression of P-selectin 
is limited to minutes.80,82 By contrast, E-selectin requires de novo 
protein synthesis for its expression. E-selectin is expressed on the 
cell  surface, but it may also be found in its biologically active 
form in serum as a result of proteolytic cleavage from the cell 
 surface.5,81,82 These  selectins bind the leukocyte ligands P-selectin 

glycoprotein ligand-1 (PSGL-1), E-selectin-ligand-1, and CD44, 
each of which appears to have a distinct function:  PSGL1 is impli-
cated in the  initial tethering of leukocytes to the endothelium, 
E-selectin-ligand-1 converts transient initial tethers to slower and 
more stable rolling, and CD44 controls the speed of rolling.81,82

The Ig-like cell surface adhesion molecules expressed by 
the endothelium are intercellular adhesion molecule (ICAM)-
1,ICAM-2, vascular cell adhesion molecule (VCAM)-1, and PECAM-1.  
Intercellular adhesion molecule-1 is expressed at low levels in 
the endothelium, but its expression is up-regulated several-fold by  
TNF-α or IL-1. Intercelluar adhesion molecule-1 is active when 
it exists as a dimer and is able to bind macrophage adhesion 
ligand-1 or lymphocyte function–associated antigen-1 on leu-
kocytes to facilitate transendothelial migration.82,83 Clustering of 
ICAM-1 stimulates endothelial cytoskeletal rearrangements to 
form cuplike structures on the endothelial surface and remodel 
adherens junction complexes to enhance leukocyte transendo-
thelial migration.82,84,85 Intercellular adhesion molecule-2, by con-
trast, is constitutively expressed at high levels by the endothelium, 
but its expression is down- regulated by inflammatory cytokines; 
however, ICAM-2 is believed to play a role in cytokine-stimulated 
migration of eosinophils and dendritic cells.86,87 Vascular cell 
adhesion molecule-1 is also up-regulated by inflammatory cyto-
kines, binds to very late antigen-4 on leukocytes, and activates 
Rac-1 to increase NADPH oxidase activity and ROS production.82 
PECAM-1 is expressed abundantly in adherens junctions and is 
involved in homophilic interaction between endothelial and leu-
kocyte PECAM-1. This interaction stimulates targeted trafficking 
of segments of EC membrane to surround a leukocyte in prepa-
ration for transendothelial migration and typically occurs within 
1 or 2  μm of an intact endothelial junction.82 The determination 
as to whether a leukocyte migrates  paracellularly or  transcellularly, 
therefore, appears to be dependent upon the  relative tightness of 
endothelial junctions.

Vascular Repair and Remodeling
The vessel wall undergoes little proliferation or remodeling under 
ambient conditions, with the exception of repair or remodeling 
associated with physiological processes such as wound healing or 
menses. When the endothelial monolayer sustains a biochemical 
or biomechanical injury resulting in EC death and denudation, loss 
of contact inhibition stimulates the normally  quiescent adjacent 
ECs to proliferate. If the injury is limited, locally proliferating ECs 
will cover the injured site. However, if the area of injury is larger, cir-
culating blood cells are recruited to aide proliferating resident ECs 
and reestablish vascular integrity.88

A subset of circulating blood cells that participate in vascu-
lar repair expresses cell surface proteins that were thought to be 
endothelial-specific and subsequently referred to as endothelial 
progenitor cells (EPCs). These cells could be expanded in vitro to 
phenotypically resemble mature ECs, and when given in vivo could 
promote vascular repair and regeneration at sites of ischemia. It is 
now recognized that these putative EPCs are likely not true progeni-
tor cells for the endothelium, but represent a mixed population of 
cells that include proangiogenic hematopoietic cells (myeloid or 
monocyte lineage), circulating ECs that that are viable but nonpro-
liferative, and endothelial colony- forming cells that are viable, prolif-
erative, and emerge at day 14 when cultured in vitro.88–90 These cells 
reside in the bone  marrow as well as in specific niches in postnatal 
organs and vessel wall. Within blood vessels, it is believed that they 
are located in niches in the subendothelial matrix or in the vasculo-
genic zone in the adventitia.91

Putative EPCs were initially thought to promote vascular repair 
by incorporating into and contributing structurally to the vessel 
wall, but more recent evidence supports a paracrine role. Once 
these cells are recruited to sites of injury, they secrete growth and 
angiogenic factors that promote and support endothelial prolifera-
tion. In fact, these cells are known to secrete high levels of vas-
cular endothelial growth factor (VEGF), hepatocyte growth factor 
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(HGF), granulocyte colony-stimulating factor, and granulocyte-
macrophage colony-stimulating factor.88,89 These cells also provide 
transient residence as immediate placeholders at the site of endo-
thelial injury and may reside there until proliferation of the endo-
thelial monolayer is complete.89

Mechanotransduction of Hemodynamic Forces
The endothelium is subjected to the effects of hemodynamic 
forces such as hydrostatic pressure, cyclic stretch, and fluid shear 
stress, which occur as a consequence of blood pressure and pul-
satile blood flow in the vasculature (Fig. 2-3). In the vascular tree, 
there is a gradient of pulsatile pressure that is proportional to ves-
sel diameter, ranges from around 120 to 100 mmHg in the aorta 
to about 0 to 30 mmHg in the microcirculation, and modulates 
other hemodynamic forces.92 Endothelial cells mechanotransduce 
these forces into cellular responses via ion channels, integrins, and 
GPCRs, as well as cytoskeletal deformations or displacements.92,93

The endothelial monolayer is exposed to variable levels of 
shear stress in the vascular tree that are inversely proportional to 
the radius of the vessel and range from 1 to 6 dyn/cm2 in veins 
and from 10 to 70 dyn/cm2 in arteries.93 Physiological shear stress 
promotes a quiescent endothelial phenotype with cells that are 
aligned morphologically in the direction of flow, owing to the  
influence of laminar flow and shear on NO release. Increases in 
shear stress stimulate compensatory EC and SMC hypertrophy to 
expand the vessel and thereby return shear forces to basal levels. 
Conversely, a decrease in shear can narrow the lumen of the vessel 
in an endothelium-dependent manner.93 Flow in tortuous vessels 
or at bifurcations is characterized by flow reversals, low flow veloc-
ities, and flow separation that cause shear stress gradients. Here, 
ECs acquire a polygonal shape with diminished cell and cytoskel-
etal alignment with flow.5–7 This disturbed flow profile contributes 
to development of endothelial dysfunction at these susceptible 
locations.6,7,93

Cyclic strain is circumferential deformation of the blood vessel 
wall associated with distension and relaxation with each cardiac 
cycle.92 Under ambient conditions, cyclic strain averages roughly 
2% at 1 Hz in the aorta, but may increase to over 30% when hyper-
tension is present.94,95 In the endothelial monolayer, individual 
cells are typically arranged so they are oriented  perpendicular 

to the stretch axis. However, when strain levels are increased to 
 pathophysiological levels, this orientation is lost, and stress fibers 
parallel the direction of stretch.96,97 Elevated levels of cyclic strain 
increase endothelial matrix metalloproteinases (MMPs) and 
induce remodeling of the extracellular matrix (ECM) as well as 
VE-cadherin and adherens junctions.98

In addition to physical forces imposed upon them, ECs are capa-
ble of generating traction stress and exerting force against the extra-
cellular environment. These traction forces are mediated by stress 
fibers, actin-myosin interactions, and other proteins that anchor cells 
to focal adhesions. These self-generated forces are important for 
cell shape stability, regulate endothelial permeability and connec-
tivity by applying force to cell junctions, and promote endothelial 
network formation by creating tension-based guidance pathways 
by which ECs sense each other at a distance.92,99–102

Endothelial Heterogeneity
Within the vascular tree, there is significant regional heteroge-
neity of the endothelium that occurs as a result of differences in 
developmental assignment, cellular structure, and surrounding 
environmental factors.5,6,103 This heterogeneity exists to support 
the specialized functions of the underlying vascular beds and  
tissues. As a result of these differences, the normal adult endo-
thelium also exhibits functional heterogeneity in the homeo-
static properties common to all ECs (Fig. 2-4). For instance, the 
 endothelium functions as a semipermeable membrane that reg-
ulates transport of fluid, proteins, and macromolecules. Under 
basal conditions, this takes place primarily across capillaries, 
albeit at differing rates throughout the vascular beds. However, 
when stimulated with histamine, serotonin, bradykinin, or VEGF,  
the endothelium in postcapillary venules responds by increasing 
permeability either through retraction of adherens junctions and 
formation of interendothelial gaps, or via increased transendothelial 
transcytosis. This phenomenon is supported by increased expression 
of receptors for these agonists in the postcapillary venules.5–7,104,105

Transendothelial migration of leukocytes occurs as postcapil-
lary venules in the skin, mesentery, and muscle, whereas in the 
lung and liver, this function takes place mostly at the level of 
the  capillaries. In lymph nodes, this function occurs at the high 
endothelial venules.106 Activated ECs that are largely restricted to 
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FIGURE 2-3 Effects of hemodynamic 
forces on endothelial functions. 
Endo thelium is subjected to the effects 
of hemodynamic forces such as shear 
stress, cyclic strain, and pulsatile pressure. 
Under ambient conditions, these forces  
are generally atheroprotective and 
in crease expression of nitric oxide 
synthase (eNOS) to generate nitric oxide 
(NO), decrease reactive oxygen species 
(ROS) and oxidant stress, decrease  
expression of proinflammatory adhes-
ion molecules, and maintain an anti-
thrombotic surface. When these forces 
are increased or perturbed, loss of 
laminar shear stress, increased cyclic 
strain, or increased pulse pressure leads 
to a decrease in eNOS expression, an 
increase in ROS levels, and up-regulation 
of proinflammatory and prothrombotic 
mediators that can lead to cholesterol 
oxidation and deposition to initiate 
atherosclerosis.  ICAM-1, intercellular adhesion 
molecule-1; VCAM-1, vascular cell adhesion 
molecule-1.
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 postcapillary venules and express E-selectin mediate this func-
tion.107 P-selectin, which is stored in Weibel-Palade bodies, is also 
preferentially expressed by endothelium in postcapillary venules, 
with levels of highest expression in the lung and mesentery.108 
By contrast, ICAM-1 and VCAM-1 may be expressed throughout  
the vasculature and respond rapidly to induction by lipopolysac-
charide or cytokines. Although interactions between leukocytes 
and the endothelium occur typically in postcapillary venules, they 
can also occur in arterioles, capillaries, and large veins.5–7

The endothelium regulates hemostatic functions largely through 
expression of both anticoagulant and antiplatelet factors that are 
unevenly distributed throughout the vasculature. For instance, 
endothelium in the arterial system expresses thrombomodulin, 
tPA, and the endothelial protein C receptor; capillaries express 
thrombomodulin and TFPI; and thrombomodulin, the endothelial 
protein C receptor, and vWF are typically expressed in veins.5–7,109 
Endothelium also regulates vascular tone and does so at the level 
of the resistance arterioles through release of site-specific vaso-
dilator and vasoconstrictor molecules. The endothelium is the 
predominant source of NO generated by eNOS, and expression 
of eNOS is greater in the arterial than the venous system.7 Thus, 
many of these functional heterogeneities allow the endothelium 
to respond to (patho)physiological stimuli and adapt to a chang-
ing environment.

Endothelial Dysfunction and Vascular 
Disease
Although the endothelium that resides at different locations 
within the vascular tree may be uniquely adapted to suit the 
local environment, there are circumstances where a prolonged 

or aberrant stimulus may lead to phenotype transition, endothe-
lial  dysfunction, and progress to frank vascular disease. When 
 challenged with these (patho)physiological stimuli, the endo-
thelium undergoes phenotype transition to an activated state. 
Activated ECs modulate their basal homeostatic functions to 
adapt to the aberrant stimuli and may display a broad spectrum 
of responses.

The endothelial monolayer can demonstrate increased per-
meability to plasma proteins and transendothelial migration 
of  leukocytes, increased adhesion of inflammatory cells, and 
 fluctuating imbalances in pro- and antithrombotic substances, 
vasodilators and vasoconstrictors, and growth factors. When these 
phenotypic changes are chronic and irreversible, they lead to 
 maladaptive responses that result in permanent alterations in the 
structure and function of the endothelial monolayer; this phe-
nomenon is known as endothelial dysfunction. Endothelial dys-
function is now understood to play an integral role in a number of 
vascular disease processes.

Thrombosis
Thrombus formation at sites of vascular injury is a physiological 
process localized to the endothelial surface. In contrast, intravas-
cular thrombosis is a pathophysiological event that occurs at sites 
of vascular injury, and the response is augmented by concomi-
tant endothelial dysfunction. These events may be associated 
with a chronic vascular injury process such as atherosclerosis and 
plaque erosion, or with a more acute injury pattern that occurs 
with infection/autoimmune reactions, vascular compromise result-
ing from atherosclerotic encroachment on the vessel lumen, or 
 percutaneous coronary intervention (PCI)–associated mechan-
ical trauma to the endothelial monolayer.
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FIGURE 2-4 Functional heterogeneity of the endothelium. The endothelium is adapted both structurally and functionally to serve the needs of underlying 
vascular bed. Between the arterial, capillary, and venous systems, there are regional differences in expression of anticoagulant and antithrombotic factors and 
inflammatory adhesion molecules. Permeability tends to be increased preferentially at postcapillary venules, whereas vascular tone is regulated by arterioles. 
EPCR, endothelial protein C receptor; ICAM-1, intercellular adhesion molecule-1; TFPI, tissue factor plasminogen inactivator; TM, thrombomodulin; tPA, tissue 
plasminogen activator; VCAM-1, vascular cell adhesion molecule-1; vWF, von Willebrand factor.
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In conjunction with exposure to these pathophysiological 

stimuli, the activated endothelium is faced with loss of its antico-
agulant cell surface–associated molecules, lower levels of anti-
thrombotic NO, and expression of the prothrombotic factors tissue 
factor and vWF, as well as platelets that are recruited to the site 
of injury.40,42,110–113 Thrombosis is augmented further by increases 
in endothelial ROS and oxidant stress, inhibition of tPA activity by 
plasminogen activator inhibitor-1 (PAI-1) generated by activated 
ECs, and alterations in shear and other mechanical forces as blood 
fluidity is diminished.8,81,93

Vasculitis
The primary systemic vasculitides differentially affect vessels 
based on size and, as such, are grouped accordingly. Takayasu's 
arteritis is a large-vessel type that affects the aorta and its major 
branches, whereas granulomatosis with polyangiitis (formerly 
known as Wegener's granulomatosis) affects mostly small vessels 
and occurs as a vasculitis that primarily affects the kidneys and 
lungs.114,115 Although these vasculitides represent heterogeneous 
disease  processes, they share the endothelium as the common 
target and propagator of an immuno-inflammatory reaction that 
occurs in the vessel wall. This immuno-inflammatory reaction may 
be so profound, as is seen in systemic lupus erythematosus (SLE), 
that antiendothelial antibodies are generated. These processes 
result in vascular immune-complex deposition, complement activa-
tion, and  neutrophil-induced injury to the endothelial monolayer 
that results in EC activation, apoptosis, and in some areas, denu-
dation.116,117 Other resident activated ECs synthesize and secrete 
cytokines, growth factors, and chemokines that include IL-1, IL-6, 
IL-8, and MCP-1.110 Repeated injury to the endothelium from pro-
longed attack by immune and inflammatory cells can stimulate 
a prothrombotic and profibrotic response that ultimately leads to 
vessel occlusion and abnormal vascular remodeling.

Atherosclerosis
Atherosclerosis is a progressive disease of blood vessels that is 
initiated by endothelial dysfunction and is now recognized as a 
chronic inflammatory and immune process. Atherosclerosis is 
characterized by the accumulation of lipid, thrombus, and inflam-
matory cells within the vessel wall.48,118–120 This process may acutely 
occlude the vessel lumen, as occurs with plaque rupture and 
thrombosis, or result in a more chronic but stable process that 
eventually encroaches on the vessel lumen. In either event, athero-
sclerosis can lead to end-organ ischemia and ensuing infarction 
of the heart, brain, vital organs, or extremities. Early endothelial 
dysfunction associated with atherosclerosis is evidenced by the 
presence of a subendothelial accumulation of lipids and infiltra-
tion of monocyte-derived macrophages and other immune cells 
to form the fatty streak. Among the risk factors associated with 
 development of atherosclerosis, diabetes mellitus, tobacco use, 
hyperlipidemia, and hypertension are all known to induce endo-
thelial dysfunction.121 Within the vasculature, however, the branch 
points and bifurcations tend to be the most atherosclerosis-prone 
segments, indicating that hemodynamic profiles and complex  
non-uniform flow is also of importance for endothelial dysfunc-
tion.93,122 Once atherosclerosis is established, the endothelium 
continues to modify the progression of disease by recruiting inflam-
matory and immune cells and platelets; diminished NO produc-
tion, enhanced permeability, and the production of prothrombotic 
species are believed to contribute to plaque progression.48,118–120,123

Functional Assessment of the Endothelium

Nitric Oxide–Mediated Vasodilation
Owing to the importance of endothelial function for vascular health, 
assessments of endothelial-dependent vasodilator responses, which 
reflect endothelial NO generation and NO bioavailability,  have been 
advanced as predictors of adverse  cardiovascular events. These 

studies are based on the principle that a healthy endothelium, 
when challenged with a physiological stress such as shear stress 
or an endothelium-dependent vasodilator such as acetylcholine, 
will release NO, leading to a measurable vasodilatory response. In 
contrast, when the endothelium is dysfunctional or diseased, these 
stimuli will elicit a vasoconstrictor or significantly diminished vaso-
dilator response. In humans, this phenomenon, which recapitulates 
the preclinical studies of Furchgott and Zawadski, was first dem-
onstrated following the intracoronary administration of acetylcho-
line to patients with angiographically diseased or normal epicardial 
coronary arteries. Here, the patients with prevalent atherosclerosis 
demonstrated paradoxical vasoconstriction when infused with ace-
tylcholine, but normal vasodilator responses when challenged with 
the NO donor nitroglycerin. Patients with normal vessels dilated 
appropriately to both agents.124

Subsequently, a close correlation between coronary artery 
vasodilation in response to acetylcholine and noninvasive mea-
surements of flow-mediated dilation of the brachial artery was 
demonstrated. Imaging of the brachial artery with high- resolution 
vascular ultrasound to detect flow-mediated dilation or the 
use of strain-gauge forearm plethysmography to assess forearm 
blood flow in response to pharmacological stimuli that release 
NO are both accepted methodologies for evaluating endothelial 
 function.125–127 To date, these methods have been used to demon-
strate impaired endothelium-dependent vascular reactivity in 
adults with risk factors for atherosclerosis in the absence of overt 
atherothrombotic cardiovascular disease; in children with dia-
betes  mellitus,  hypercholesterolemia, and congenital heart dis-
ease; and to demonstrate improved function in patients treated 
with 3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors 
(statins) or ACE inhibitors.128–133

Measurement of peripheral arterial tonometry is emerging as a 
newer methodology to examine endothelial function. This device 
utilizes finger-mounted probes with an inflatable membrane that 
record a pulse wave in the presence and absence of flow- mediated 
dilation. This method has been shown to correlate well with endo-
thelial dysfunction assessed by brachial artery flow-mediated 
dilation.134

ADMA as a Biochemical Marker of Nitric 
Oxide Bioavailability
The endogenous competitive NOS inhibitor asymmetrical 
 dimethylarginine (ADMA) has been suggested as a biomarker 
for decreased NO bioavailability and endothelial function. 
Asymmetrical dimethylarginine  generated by the hydrolysis of 
methylated arginine residues is subject to intracellular degrada-
tion by dimethylarginine dimethylaminohydrolase (DDAH), but 
the activity of this enzyme is decreased significantly by oxidant 
stress.135–138 This in turn leads to increases in plasma ADMA levels, a 
finding that has been demonstrated in patients with risk factors for 
atherosclerosis or established coronary artery disease (CAD).139–142

With respect to endothelial function, a cross-sectional study of 
individuals enrolled in the Cardiovascular Risk in Young Finns 
Study confirmed a significant, albeit modest, inverse relation-
ship between ADMA levels and endothelial function assessed 
by flow-mediated vasodilation.143 Despite these findings, in a 
 community-based sample, ADMA levels were not associated 
with  cardiovascular disease incidence or all-cause mortality in 
 diabetic patients.144 Based on these observations, in certain popu-
lations, ADMA levels alone may not provide a full assessment of 
 endothelial function; direct  measurements of endothelial vasodila-
tor capacity may be required.

Endothelial Microparticles
Endothelial microparticles are emerging as a surrogate biomarker 
for endothelial dysfunction.145 Endothelial cells can release mem-
brane vesicles with a diameter of approximately 0.1 to 1.0 μm 
that include microparticles, exosomes, and apoptotic bodies.  
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These microparticles are formed from plasma membrane bleb-
bing and package endothelial proteins that include VE-cadherin, 
PECAM-1, ICAM-1, E-selectin, endoglin, VEGF receptor-2, S-endo, 
α

v integrin, and eNOS.145,146 Although many of these proteins are 
expressed by microparticles derived from other cell types, the pres-
ence of VE-cadherin and E-selectin indicates EC origin. Endothelial 
microparticle formation is stimulated by TNF-α, ROS, inflammatory 
cytokines, lipopolysaccharides, thrombin, and low shear stress.146 
They have procoagulant properties as a result of exposed phospha-
tidylserines and tissue factor that is present in the microparticle, as 
well as proinflammatory properties.

Techniques to measure circulating endothelial microparticles rely 
on differential centrifugation in platelet-free plasma and on the iden-
tification of cell-surface CD antigens.145,146 Thus, they may not be as 
convenient a measure of endothelial function as currently available 
noninvasive imaging techniques. Nonetheless, circulating endothe-
lial microparticles have been measured and found to be elevated in 
a number of patient populations with risk factors or diseases associ-
ated with endothelial dysfunction.146 Increased levels of endothelial 
microparticles have been  demonstrated and shown to correlate with 
flow-mediated  dilation in  individuals with end-stage renal disease, 
acute coronary syndromes (ACS), metabolic syndrome, diabetes,  
and systemic and  pulmonary hypertension.147–152

Conclusions
The endothelium is a structurally and metabolically dynamic inter-
face that resides between circulating blood elements, the vascu-
lar wall, and the underlying tissues served by these blood vessels. 
Owing to its unique anatomical location,  the endothelium regulates 
thrombosis and hemostasis, immuno-inflammatory responses, vas-
cular permeability,  and vascular tone. These homeostatic  functions 
are responsive to alterations in the local and systemic environments. 
Failure to adapt to (patho)physiological stimuli may activate aber-
rant compensatory mechanisms that alter the endothelial pheno-
type and promote endothelial dysfunction. As  techniques to assess  
endothelial function advance, the clinical utility of this measure, 
coupled with biochemical and molecular assessments to define an 
endothelial phenotype profile, will provide a unique understand-
ing of an individual's vascular endothelial function and guide both 
prognosis and therapeutic interventions.
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With the evolution of an enclosed circulatory system to  transport 
oxygenated blood, hormones, immune cells, metabolites, and  
waste products to and from cells in distal sites within the ver-
tebrate body, blood vessels evolved adaptations necessary for 
repeated cycles of contraction and extension resulting from  
cardiac-driven pulsatile blood flow. These adaptations for blood 
vessel distensibility allow elastic conductance arteries in the mac-
rocirculation, under the influence of the pulsatile cardiac cycle, to 
provide blood flow to end organs by altering the luminal diameter 
of the vessel. They also allow resistance arteries in the microcir-
culation, which experience steady flow, to regulate vasomotion at 
the organ level to maintain blood pressure homeostasis.1 The cells 
that primarily establish and orchestrate these contraction and dis-
tensible properties are vascular smooth muscle cells (VSMCs), the 
majority cell type within the normal vessel wall. VSMCs maintain 
contractile tone by a highly organized architecture of contractile/
cytoskeletal proteins and associated regulatory components 
within the cell cytoplasm and establish distensibility by synthesis, 
secretion, and organization of extracellular matrix (ECM) compo-
nents with elastic recoil and resilience properties.1 VSMCs within 
the vascular continuum have the ability to adapt expression of 
proteins involved in contraction and ECM synthesis according to 
extrinsic and intrinsic cues during different developmental stages 
and in disease or response to injury. This ability is due to a phenom-
enon known as VSMC phenotypic modulation and is a major fea-
ture that distinguishes VSMCs from terminally differentiated cells.2

Vascular smooth muscle cell phenotypic modulation is the abil-
ity to switch phenotypic characteristics from a migratory synthetic 
phenotype in embryonic tissue patterning to a quiescent, contrac-
tile phenotype in maintenance of vascular tone in mature  vessels. 
Importantly, during vascular remodeling in response to injury, 
VSMCs can switch back to a synthetic phenotype characterized 
by increased VSMC proliferation and ECM synthesis. Although the 
ability to switch phenotypes may have evolved as an adaptive sur-
vival mechanism for VSMCs to adjust physiological responses due 
to changing hemodynamic demands or to repair damage after vas-
cular injury, phenotypic modulation has important implications 
both during development and during vascular disease.2

This chapter will highlight how these diverse functions of VSMCs 
arise from both innate genetic programs and a range of diverse 
environmental cues that include soluble signaling factors, insolu-
ble ECM components, physical mechanical forces, and interactions 
with other cell types.3 Discussion will center on the complex webs of 
signaling networks generated by these diverse external factors, and 
how these networks are regulated and integrated at multiple tran-
scriptional and posttranslational levels to mediate the diverse func-
tions of VSMCs in normal physiology and disease/injury pathology.

Origins of Vascular Smooth Muscle Cells 
During Embryonic Development
Initially in embryonic vasculature development, endothelial pre-
cursor cells form a common progenitor vessel which then gives rise 
to the first artery (dorsal aorta) and vein (cardinal vein) by selec-
tive sprouting and subsequent arterial-venous cell segregation4 
(see also Chapter 1). The distinct molecular identities of arteries 
and veins are regulated by complex interactions of several signal-
ing pathways, including sonic hedgehog (Shh), a member of the 
hedgehog (Hh) family of secreted morphogens; secreted growth 
factors in the vascular endothelial growth factor family (VEGFs)5; 
Notch receptors (Notch 1-4) and Notch ligands (Jagged1,2); and 
transmembrane proteins that can transduce cell-cell interactions 
into signals determining cell fates.6 Interactions of these signals 

induce differential expression of VEGF receptors, Ephrin ligands, 
and tyrosine kinase Eph receptors on the segregating arterial/
venous cells, with ephrin B2 and EphB4 as markers expressed in 
arteries and veins, respectively.4,5 In response to VEGF signaling, 
endothelial cells (ECs) within these primordial vascular networks 
recruit mural cells, including nascent VSMCs.7

Nascent VSMCs derive from multiple and nonoverlapping 
 embryonic origins that are reflected in different anatomical loca-
tions within the adult. Ectodermal cardiac neural crest cells give 
rise to the large elastic arteries (e.g., ascending and arch portions 
of the aorta), ductus arteriosus, and carotid arteries; proepicar-
dium mesothelial cells produce the coronary arteries;  mesodermal  
cells are origins for the abdominal aorta and small muscular arter-
ies; the mesothelium forms the mesenteric vasculature;  secondary 
heart field cells form the base of the aorta and pulmonary trunk; 
somite-derived cells produce the descending thoracic aorta; and 
 satellite-like mesoangioblasts give rise to the medial layers of  
arteries.8 The heterogeneous mosaic of VSMCs in the vessel wall 
may be due in part to these diverse embryological origins of VSMCs 
and could be reflected in the presence of phenotypically distinct 
subpopulations within the media that account for VSMC plastic-
ity.9 There is some evidence that VSMCs derived from different lin-
eages exhibit morphologically and functionally distinct properties 
and respond differently to soluble factors in vitro and to morpho-
genetic cues in vivo,8 suggesting that the major determinants of 
VSMC responses to signals in vascular development are principally 
 lineage-dependent rather than environment-dependent.8

Vascular Smooth Muscle Cell Phenotypic 
Modulation
Characterization of Vascular Smooth  
Muscle Cell Phenotypes
Given the multiple origins and distinct subpopulations of VSMCs, 
a compelling central question for understanding VSMC biology is 
how cells from these diverse embryonic origins, initially expressing 
lineage-specific pathways, differentiate to express the same marker 
genes specifically characteristic of VSMCs.8,10 Another question is 
how these same VSMCs, responding to both extrinsic and intrin-
sic cues, can alter expression of these genes (and thus molecu-
lar pathways), leading to diverse phenotypes with distinct and 
diverse functions. VSMC phenotypes can be loosely divided into 
three types: contractile/ differentiated, synthetic/dedifferentiated, 
and inflammatory.

CONTRACTILE, DIFFERENTIATED VASCULAR  
SMOOTH MUSCLE CELLS

Contractile or differentiated VSMCs are characterized by a reper-
toire of contractile proteins, contractile-regulating proteins, con-
tractile agonist receptors, and signaling proteins responsible for 
contraction and maintenance of vascular tone.3,11,12 Of the VSMC 
“marker” proteins expressed in the contractile phenotype reper-
toire (Fig. 3-1), the most discriminating markers are smooth muscle 
myosin heavy chain (SMMHC) in conjunction with alpha-smooth 
muscle actin (αSMA), smoothelin, SM-22α, h1-calponin, and 
h-caldesmon.2 In addition to expressing these proteins  associated 
with contractile function, contractile VSMCs exhibit differential 
 levels of ECM components (increased collagen types 1 and IV) 
and matrix-modifying enzymes (decreased matrix metalloprotein-
ases [MMPs] and increased tissue inhibitors of matrix metallopro-
teinases [TIMPs]). Contractile VSMCs are further characterized 
by an elongated spindle-shaped morphology in culture, a low 
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proliferative rate, and expression of α1β1, α7β1 integrins and the 
 dystrophin-glycoprotein complex (DGPC).3,13

SYNTHETIC, DEDIFFERENTIATED VASCULAR SMOOTH 
MUSCLE CELLS

Synthetic or dedifferentiated VSMCs have decreased expression 
of SMC-related genes for contractile proteins (e.g., SMMHC), with 
concomitant increased osteopontin, l-caldesmon, nonmuscle myo-
sin heavy chain B, vimentin, tropomyosin 4, and cellular-retinal 
binding-protein-1 (CRBP-1) (see Fig. 3-1). “Positive” marker genes, 
such as nonmuscle myosin heavy chain (NM-B MHC) or SMMHC 
embryonic (SMemb) expressed specifically in embryonic or phe-
notypically modified VSMCs, are characteristic of dedifferentiated 
VSMCs in association with vascular injury.2 Other characteristics 
of synthetic VSMCs include decreased number of actin filaments, 
an increase in secretory vesicles, increased rates of proliferation 
and migration, extensive ECM synthesis/degradation capabilities, 
increased cell size and “hill-and-valley” morphology in culture, high 
proliferative rate, and increased expression of α4β1 integrin.

INFLAMMATORY VASCULAR SMOOTH MUSCLE CELLS

In addition to the phenotypic continuum between  contractile 
and synthetic phenotypes, VSMCs can also express markers of an 
inflammatory phenotype in response to EC-induced  recruitment 
of monocytes and macrophages during the  progression of 
 atherosclerosis.14 Various stimuli, including secretion of  cytokines 

by these  inflammatory cells, changes in ECM composition, 
 oxidized low  density lipoprotein (oxLDL), and VSMC interactions 
with  monocytes/macrophages, induce expression of  inflammatory 
 cytokines, vascular cell adhesion molecule (VCAM-1) and 
 transcription  factors (NFκB) in VSMCs, leading to recruitment of 
inflammatory cells into the vessel wall.

Each of these types of VSMCs has a distinct response to micro-
environmental chemical, structural, and mechanical cues. Not only 
do these cues initiate phenotypic modulation, but they also initiate 
specific intracellular signaling events that control the functional 
response of VSMCs in specific environments.

Upstream Mediators of Phenotypic Modulation
GROWTH-INDUCING FACTORS

Soluble factors that include growth factors, hormones, and reactive 
oxygen species (ROS) serve as upstream mediators of the pheno-
typic switch from contractile to synthetic VSMCs, which results in 
large part from coordinate activation/repression of VSMC marker 
genes important in the contractile response2,3,15,16 (Fig. 3-2). Some 
of the most important growth-inducing factors include platelet-
derived growth factor (PDGF), epidermal growth factor (EGF), 
insulin-like growth factor (IGF), and basic fibroblast growth factor 
(bFGF). Growth factors bind to surface membrane receptor tyro-
sine kinases (RTKs), triggering sequential downstream signaling 
pathways mediated through complex formation of activated RTKs 
with adaptor and signaling proteins Grb2/Shc/Sos, and activation 
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of intracellular kinases, including phosphatidylinositol 3-kinase 
(PI3K), mitogen-activated protein kinases (MAPKs: extracellular 
signal regulated kinase, ERK1/2, p38MAPK, and c-jun NH2-terminal 
kinase, JNK), Akt, MAPKAPK2, and p70S6 kinase (p70S6K). These sig-
nals not only transcriptionally mediate the switch to the synthetic 
phenotype, but also serve to promote growth and survival. In addi-
tion, ROS such as hydrogen peroxide (H2O2) produced by activa-
tion of NADPH oxidases, multimeric enzymes containing p22phox 
and other subunits depending upon the specific isoform, can act 
as second messengers for canonical G protein–coupled receptor 
(GPCR) and RTK pathways.17

DIFFERENTIATION-INDUCING FACTORS

In contrast to growth factor–stimulated proliferation, the cytokine 
transforming growth factor β (TGF-β) and members of the bone 
morphogenetic protein (BMP) subgroup of this family promote 
the differentiated, contractile phenotype in VSMCs by inducing 
expression of the VSMC contractile genes αSMA and calponin 
(Fig. 3-3). Transforming growth factor β binds to a tetrameric com-
plex consisting of two type I and two type II receptors, resulting 
in phosphorylation of Smads, transcription factors named for 

Caenorhabditis elegans Sma and Drosophila Mad (mothers against 
decapentaplegic).18 Within the TGF-β signaling pathway itself, dif-
ferent Smads control expression of different markers. For example, 
Smad3 transactivates the SM22α promoter, while Smad2 activates 
the αSMA gene. Other soluble factors that inhibit proliferation and 
increase differentiation include heparin and retinoic acid.9 Most 
smooth muscle differentiation markers share additional com-
mon transcriptional pathways, discussed in more detail later. For 
example, both  TGF-β-induced phosphorylated Smads and ECM-
induced activation of integrins, mediated through focal adhesion 
components vinculin, talin, and tensin, in concert with changes 
in cytoskeletal F/G actin dynamics, result in myocardin-related 
transcription factor (MRTF) induction of cytoskeletal/contractile 
genes (see Fig. 3-3).

DUAL FACTORS

One factor with a potential dual role, depending upon initial phe-
notype/developmental stage, is the octapeptide hormone angio-
tensin II (Ang II), the effector molecule of the renin–angiotensin 
II system.19 Angiotensin II can induce either contractile or syn-
thetic phenotypes, with differential responses depending upon 
cell context and locations within the artery (see Figs. 3-2 and 3-3). 
Angiotensin II, binding to its GPCR AT1R, activates VSMC marker 
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gene expression  indicative of the contractile phenotype through 
L-type voltage-gated Ca2+  channel–induced elevations in intra-
cellular Ca2+ concentrations, and subsequent increased myocar-
din transcription coactivator expression dependent upon Prx1,  
a homeodomain protein that promotes serum response factor 
(SRF) binding to conserved  elements in VSMC marker gene pro-
moters.20 In addition, Ang II binding to AT1R can induce signa-
tures of the synthetic phenotype by activation of multiple kinase 
and enzyme pathways that are interconnected in signaling net-
works (see Fig. 3-2). These include the MAPKs; RTKs, including 
ROS-sensitive transactivation of epidermal growth factor  receptor 
(EGFR);  nonreceptor tyrosine kinases (c-Src/focal adhesion 
kinase [FAK]/ paxillin/Rac/JNK/AP-1) and tyrosine phospha-
tases; SHP2/Janus kinase and signal transducers and activators 
of transcription (JAK/STAT); and GPCR classic signaling cas-
cades (phospholipase C [PLC]/protein kinase C [PKC]/Ras/Raf/
mitogen extracellular  signal regulated kinase [MEK]/ERK) lead-
ing to stimulation of early growth-response genes (c-fos, c-jun), 
survival pathways (e.g.,  Akt), and ECM formation (JNK/AP-1).

NOTCH COMMUNICATION

In addition to its critical function in development, Notch sig-
naling is also important in defining VSMC differentiation.21,22 
Downstream Notch effector gene activation results in activa-
tion of “master regulators” of VSMC differentiation (myocar-
din, MRTFs, or SRF) or direct induction of contractile proteins 
SMMHC and αSMA, as well as the VSMC specific differentiation 
marker SM22α (also known as transgelin).6 Data regarding Notch 
signaling on VSMC differentiation, however, are conflicting, with 
some studies supporting a repressive effect, while others indicate 
a promoting effect on expression of VSMC marker genes SMMHC 
and αSMA.22 These discrepancies may be due to the antagonistic 
roles of Notch and the Notch effector Hairy-related transcription 
factor 1 (HRT1) on markers of VSMC differentiation, specifically 
αSMA and SMMHC.23 Hairy-related transcription factor 1 inhib-
its Notch/RBP-Jκ binding to the αSMA promoter in a histone 
 deacetylase-independent manner. The  context-dependent roles 
of Notch and HRT1 on markers of VSMC differentiation may 
serve to fine-tune VSMC phenotypic modulation during vascular 
development, injury, and disease.

There is considerable cross-talk between Notch and other 
 signaling pathways. Notch and TGF-β cooperatively induce a func-
tional contractile, differentiated phenotype through parallel signal-
ing axes,24 while HRT factors block VSMC differentiation in both 
pathways. Other examples of cross-talk among key signaling path-
ways for morphogenesis (Hh, Notch) and mitogenesis (VEGF-A, 
PDGF) include a Shh/VEGF-A/Notch signaling axis in VSMCs in the 
neointima to increase growth and survival,25 and Notch-induced 
up-regulation of PDGFR-β to mediate growth and migration.26

Homotypic VSMC-VSMC Notch-mediated signaling pathways 
are also apparent in adult vascular pathologies and response to 
injury.22 After injury, Notch receptors are increased, along with ele-
vated levels of HRT. Negative feedback between HRT and Notch 
may account for the adaptive response to injury in which ini-
tial Notch/HRT-induced suppression of the contractile pheno-
type is followed by arterial remodeling.  As Notch/HRT signaling 
decreases, the contractile phenotype is reestablished.24

Transcriptional Regulation of Vascular  
Smooth Muscle Cell Diversity
The complex web of signaling pathways induced by these exter-
nal signals—whether they are soluble, insoluble, structural, or 
mechanical—converge on a network of transcription factors (TFs) 
that coordinately regulate gene expression and act as “master 
switches” for growth and differentiation27 (Fig. 3-4). Transcription 
of VSMC-specific differentiation or proliferative genes is regulated 
by cooperative interaction of TFs and their coregulators, including 
SRF,28 myocardin and myocardin-related TFs (MRTF-A and -B),29 
Ets domain transcription factors known as ternary complex  factors 

(TCFs),30 zinc finger factors GATA630 and PRISM/PRDM6,31 and 
Krüppel-like factors (KLFs).32,33

SERUM RESPONSE FACTOR/MYOCARDIN AXIS

Serum response factor, a widely expressed member of the MADS 
(MCM1, agamous, deficien, SRF) box of TFs, is a nodal point linking 
signaling pathways to differential gene expression related either 
to growth or differentiation, depending upon which transcriptional 
partner is bound to SRF.28 Serum response factor self-dimerizes and 
binds with high affinity and specificity to a consensus deoxyribo-
nucleic acid (DNA) sequence CArG box found in the promoters 
of cyto-contractile genes.34 More than half of the VSMC “marker” 
genes that define VSMC molecular signature contain CArG boxes.34 
Included in these genes are three categories modulating actin fila-
ment dynamics: (1) structural (e.g., αSMA-actin, SM22α, caldesmon, 
SMMHC); (2) effectors of actin turnover (e.g., cofilin, gelsolin); and 
(3) regulators of actin dynamics (four-and-a-half LIM domains pro-
teins [FHL1 and 2], MMP9, and myosin light chain kinase).35

Serum response factor itself is a weak activator of CArG-
dependent genes.30 Potent SRF-dependent transcriptional activa-
tion is therefore dependent upon regulation at several levels: by 
interaction with different signal-regulated or tissue-specific regula-
tory SRF transcription cofactors/corepressors; by posttranslational 
phosphorylation, acetylation, and sumoylation, modifications that 
affect these interactions; and by epigenetic alterations in chromatin 
structure in which myocardin serves as a scaffold for recruitment 
of chromatin-remodeling enzymes36 that enable SRF and its cofac-
tors to gain access to SRF target genes.8 Myocardin association 
with histone acetyltransferases (HATs), including p300, enhances 
 transcription of VSMC-restricted genes, whereas association with 
class II histone deacetylases (HDACs) suppresses myocardin-
induced  transcription of VSMC marker genes36 (see Fig. 3-4).

Serum response factor interacts with cofactors in two prin-
cipal families: the TCF family of Ets-domain proteins (Elk, SAP-1,  
and Net)37 activated by the MAPK pathway, leading to SRF binding 
to immediate early growth factor-inducible genes such as c-fos28; 
and the myocardin/MRTF-A/MRTF-B family35 to promote activation 
of VSMC-specific marker genes, most of which code for filamentous 
proteins that function in contractile activities or proteins that func-
tion in cell-matrix adhesions.10 These alternative pathways provide 
the “ plasticity” associated with VSMC phenotypic modulation rang-
ing from contractile functions to maintain vascular tone to syn-
thetic or proliferative functions in response to vascular injury.29

Discovery of the cell-restricted SRF transcriptional coactivator 
myocardin, expressed specifically in cardiac and VSMCs, resolved 
the paradoxical observations that SRF can regulate mutually exclu-
sive gene expression programs for growth or differentiation.30,34 In 
VSMCs,  myocardin is a master regulator of SMC marker gene expres-
sion and sufficient for the smooth muscle–like contractile pheno-
type. Myocardin competes with Elk-1 for direct binding to SRF in  
VSMCs; thus, myocardin and Elk-1 can act as binary transcriptional 
switches that may regulate contractile vs. synthetic VSMC pheno-
types30 (see Fig. 3-4). In addition, myocardin transduction leads to 
lower levels of the cell cycle–associated gene cyclin D1, resulting 
in repression of growth. Therefore, myocardin is a nodal point for 
two features indicative of SMC differentiation: expression of the 
contractile apparatus and suppression of growth.30

While myocardin functions exclusively as a transcriptional 
coactivator,38 additional proteins function to regulate transcrip-
tional activity of myocardin. Hairy-related transcription factor 2 
and GATA factors repress or enhance myocardin-induced tran-
scriptional activity, depending upon cell context.30 In addition, acti-
vation of Notch receptors by Jagged1 endogenous ligand induces 
translocation of Notch intracellular domain (ICD) to the nucleus 
where it inhibits myocardin-induced SMC gene  expression.29 
Angiotensin II stimulation, as well as activation of L-type voltage-
gated Ca2+ channels, activates SMC marker genes by inducing myo-
cardin  expression and, in the case of Ang II, increasing SRF binding 
to CArG elements in the promoter regions of VSMC marker genes 
such as αSMA.20
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Serum response factor transcriptional activity is also con-
trolled by Rho-induced actin dynamics that facilitate movement 
of MRTFs into or out of the nucleus29 (see Fig. 3-4). In most cell 
types, MRTFs form a stable complex with monomeric G-actin and 
remain sequestered in the cytoplasm. Myocardin-related tran-
scription factors in VSMCs, however, are localized in the nucleus 
where binding to SRF in the basal state promotes contractile 
gene expression, and the differentiated phenotype. In response to 
growth factors or vascular injury, extracellular signals transduced 
through the Rho-actin pathway result in nuclear export of MRTF, 
down-regulation of SRF/MRTF-induced VSMC contractile gene 
expression, and promotion of mitogen-induced ERK1/2 phosphor-
ylation of TCFs, resulting in TCF displacement of MRTFs and SRF/
TCF-mediated activation of growth-responsive genes.29 These dif-
ferential pathways provide a switch in which SRF target genes are 
differentially regulated through growth  factor–induced signaling 
for growth (active TCF,  MRTF blocked) or Rho-actin signaling for 
differentiation (inactive TCF, MRTF active)30 (see Fig. 3-4).

ZINC FINGER PROTEINS

GATA6, a zinc finger transcription factor expressed in VSMCs, 
induces growth arrest by increasing expression of the general 
cyclin-dependent kinase inhibitor (CDKI) p21CIP1 and inhibit-
ing S-phase entry.30 PRISM is a smooth muscle–restricted mem-
ber of zinc finger proteins belonging to the PRDM (PR domain 
in smooth muscle) family and acts as a transcriptional repressor 
by interacting with class I histone deacetylases and G9a histone 
 methyltransferases. PRISM induces the proliferative  phenotype 
while repressing differentiation regulators myocardin and GATA6.31

One of the most intensely studied zinc finger transcriptional regu-
lators in VSMCs is the KLF subfamily that binds to the TGF-β con-
trol element (TCE) in the regulatory sequences of target genes 
(reviewed in32,33,39). Vascular smooth muscle cells express four 
KLFs (KLF4, KLF5, KLF13, and KLF15), each with individual biologi-
cal functions implicated in regulating a range of processes in both 
growth and differentiation.32 Individual KLFs may have opposing 
functions, depending upon temporal and developmental expres-
sion patterns and interactions with other factors. For example, 
KLF4 inhibits, whereas KLF5 and KLF13 induce, VSMC marker gene 
expression. Mechanisms that may account for these  opposing func-
tions of KLF factors include posttranslational modifications, interac-
tion with specific cofactors, differential expression by growth factors,  
cytokines and differentiation state, or regulation by another KLF.32

KLF4 functions as both a VSMC growth repressor and a repres-
sor for VSMC differentiation, although data on the effect of KLF4 
on VSMC differentiation are conflicting33 (see Fig. 3-4). As a growth 
repressor, KLF4 inhibits PDGF-BB-induced mitogenic signaling and 
induces expression of the negative cell cycle regulator p53 and 
its target gene p21CIP1. As a differentiation repressor, KLF4 prevents 
SRF from binding to the TCE in promoters of VSMC marker genes, 
suppresses expression of myocardin, inhibits myocardin-induced 
activation of SMC marker genes, reduces SRF binding to CArG ele-
ments in SMC contractile gene promoters,33 and induces histone 
hypoacetylation at SMC CArG regions associated with gene silenc-
ing.40 On the other hand, there is evidence that KLF4 promotes 
VSMC differentiation by directly  activating VSMC marker gene tran-
scription of SM22α and αSMA.33 KLF4 thus functions as a bifunc-
tional TF or “molecular switch” that can both activate and repress 
VSMC marker genes, depending upon  regulation of KLF4.33

Ang II

GPCR
Integrins

Rho

VSMC
Marker
GenesTCF CArG

ERK

SRF SRFp300 p300

TCF CArG

SRF SRF

G/C CArG

H
D

A
CSRF SRF

MRTF

MRTF

F-actin G-actin

MRTF

Nuclear
Import

OR

OR

Myocardin

MEK

KLF4

Elk-1 Elk-1

Myocardin

Myocardin

��

PDGF

RTK

P

Elk-1

P

Elk-1

P

FIGURE 3-4 Model for opposing roles of transcription factors, their coregulators, and chromatin remodeling enzymes in control of  vascular smooth 
muscle cell (VSMC) growth or differentiation. Differentiation-inducing extracellular cues such as G protein–coupled receptor (GPCR) or integrin activation, which 
increase myocardin or modulate Rho-mediated actin dynamics, respectively, stimulate signaling pathways leading to the transcription factor serum response factor 
(SRF). SRF binds to a CArG deoxyribonucleic acid (DNA) sequence found in promoters of many cytocontractile genes and interacts with myocardin/MRTF/p300 
histone acetylase to promote VSMC marker gene expression. Growth factor signaling through the mitogen extracellular signal regulated kinase (MEK)/extracellular 
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Even though the closely homologous KLF4 and KLF5 TFs share 
similar developmental and tissue pattern expression, they exert 
 different, often opposing, effects on gene regulation and prolifera-
tion/differentiation.33 Whereas KLF4 is associated with growth arrest, 
KLF5 exerts pro-proliferative effects, particularly in vascular remodel-
ing in response to injury. KLF5 expression, abundant in fetal VSMCs 
but down-regulated in the adult (reviewed in39), is induced after 
vascular injury by activation of immediate early response genes by 
Ang II and ROS.41 KLF5 in turn mediates re-expression of SMemb/
NMHC-B, a marker for the dedifferentiated phenotype, and activates 
other critical injury response genes involved in remodeling, such as 
PDGF-A/B, Egr-1, plasminogen activator inhibitor 1 (PAI-1), inducible 
nitric oxide synthase (iNOS), and VEGFR, implicating KLF5 as a key 
regulator for VSMC response to injury.39 In additional injury responses, 
KLF5 increases cyclin D1 expression and inhibits the cyclin kinase 
inhibitor p21, thus leading to vascular remodeling by increased cell 
proliferation.42 Similar to KLF4 regulation, KLF5 expression and activ-
ity are regulated at multiple levels, including upstream Ras/MAPK, 
PKC, and TGF-β signaling pathways; downstream interactions with 
TFs, including retinoic acid receptor α (RARα), NF-κB, and peroxi-
some proliferator–activated receptor gamma (PPARγ); as well as 
posttranslational modifications that can positively or negatively 
regulate KLF activity.39 In addition, KLF5 activity is regulated in the 
nucleus by chromatin remodeling factors such as SET, a histone 
chaperone that inhibits the DNA binding activity of KLF5,43 p300 
(a coactivator/acetylase that coactivates KLF5 transcription), and 
HDAC1, which inhibits KLF5 binding to DNA.32

Two additional KLFs have been identified in VSMCs: KLF13 and 
KLF15.32 After vascular injury, KLF13 is induced and activates the 
promoter for the VSMC differentiation marker SM22α, while KLF15 
expression is down-regulated, implicating KLF15 as a negative reg-
ulator of VSMC proliferation and a counterbalance to the growth-
promoting effects of KLF5 in vascular injury response.

Posttranscriptional Regulation of Vascular Smooth 
Muscle Cell Diversity: Noncoding microRNAs
Upstream signaling and downstream transcriptional pathways 
in VSMCs are intertwined with a multitude of micro ribonucleic 
acid (miRNAs) that act as “rheostats” and “switches” in regulating 

 protein  activity in development, function, and disease.44 miRNAs 
are small, noncoding RNAs (20-25 nucleotides in length) that asso-
ciate with a miRNA-induced silencing complex (miRISC) of regu-
latory proteins, including Argonaute family proteins, Argonaute 
interacting proteins of the GW182 family, eukaryotic initiation 
factors (eIFs), polyA-binding complexes, decapping enzymes/ 
activators, and deadenylases, to induce posttranscriptional silenc-
ing of their target genes.45 These multiple components are assembled 
and interact in a multistep process with components of the trans-
lational machinery to inhibit translation initiation, mark mRNAs 
for degradation through deadenylation, and sequester targets into 
cytoplasmic P bodies.44 Multiple mechanistic models for miRNA-
induced gene silencing have been proposed that provide insights 
into the molecular mechanisms of translational inhibition, dead-
enylation, and mRNA decay, but questions remain concerning the 
kinetics and ordering of these translational events and whether 
they are coupled or independent.45 A recent unifying model for 
miRNA-regulated gene repression is an attempt to reconcile the 
often conflicting existing data. It proposes that recruitment of 
Argonaute and associated GW182 proteins to miRNA induces 
binding to the mRNA 5′m7 Gcap, thus blocking translation initia-
tion, potentially by mRNA deadenylation. Subsequent to miRNA-
mediated deadenylation, mRNA is degraded through recruitment 
of decapping proteins.46 In this model, inhibition of translation 
initiation is linked to subsequent rapid mRNA decay in a coupled 
process. Because miRNAs—which in general are negative regulators 
of gene expression—may be almost as important as transcrip-
tion factors in controlling gene expression in the pathogenesis 
of human diseases,47 insights into the functions of this class of 
noncoding RNAs are important in evaluating their  potential use 
as therapeutic targets.45

Cardiovascular-specific, highly conserved miRNAs miR-143 
and miR-145, the most abundant miRNA in the vascular wall,48 are 
key players in programming VSMC fate from multipotent progeni-
tors in embryonic development and in reprogramming VSMCs 
during phenotypic modulation in the adult44,49 (Fig. 3-5). miR-143 
and miR-145 have distinct sequences but are clustered together 
and transcribed as a bicistronic unit. Upstream in the genomic 
sequence of miR-143/145 is a conserved SRF-binding CArG box 
site, indicating control by SRF and myocardin.49,50  These miRNAs 
cooperatively feed back to modulate the actions of SRF by 
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FIGURE 3-5 Model for regulation of vascular smooth 
muscle cell (VSMC) phenotypes by cardiovascular-specific 
micro ribonucleic acids (microRNAs) miR-143 and miR-145. 
These miRNAs act as signaling nodes to modulate serum response 
factor (SRF)-dependent transcription by regulating coactivators 
and co-repressors to control VSMC proliferation or differentiation. 
miR-145 represses proliferation by repressing KLF4 and promotes 
differentiation by stimulating myocardin; miR-143 represses 
proliferation by repressing Elk-1. miR-143/145 also controls actin/
cytoskeletal remodeling by repressing KLF4/5 and regulators 
of actin dynamics, including MTRF/SRF activity. (Adapted from 
Liu N, Olson EN: MicroRNA regulatory networks in cardiovascular 
development. Dev Cell 18:510–525, 2010; Cordes KR, Sheehy NT, White 
MP, et al: MiR-145 and miR-143 regulate smooth muscle cell fate and 
plasticity. Nature 460:705–710, 2009; and Xin M, Small EM, Sutherland 
LB, et al. MicroRNAs miR-143 and miR-145 modulate cytoskeletal 
dynamics and responsiveness of smooth muscle cells to injury. Genes 
Dev 23:2166–2178, 2009.)
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 targeting a network of transcription factors/coactivators/core-
pressors. This network includes miR-145-induced  repression of 
KLF4, a positive regulator of proliferation and myocardin repres-
sor; miR-143-induced repression of Elk-1, a myocardin competi-
tor and positive regulator of proliferation; and, contrary to the 
usual inhibitory role of miRNA, miR-145-induced stimulation 
of myocardin, a positive regulator of differentiation. Thus, miR-
145 is necessary and sufficient for VSMC differentiation, and the 
miR-143/miR-145 cluster acts as an integrated signaling node 
to promote differentiation while concurrently repressing prolif-
eration.49 Although mice with genetic deletions for miR-143/145 
show no obvious abnormalities in early development, VSMCs 
in the adult exhibit both structural and phenotypic differences 
in injury- or stress-induced vascular remodeling. Ultrastructural 
analysis of arteries from miR-143/145 knockout mice shows 
reduced numbers of medial VSMCs with a contractile appear-
ance, and an increase in synthetic VSMCs.51 These results suggest 
that miR-143 and miR-145 modulate cytoskeletal structure, actin 
dynamics, and modulation to a dedifferentiated phenotype50 (see 
Fig. 3-5). Importantly, miR-143/145 knockout mice with increased 
synthetic VSMCs develop spontaneous neointimal lesions in the 
femoral artery in the absence of hyperlipidemia and inflamma-
tion, supporting a key role for phenotypically altered VSMCs in 
the pathogenesis of lesion formation.51

While miR-143 and miR-145 play keys roles in the contractile 
phenotype of VSMCs and the response to injury,52 miR-221 and 
miR-222 are modulators of VSMC proliferation, although largely 
by affecting growth-related signaling pathways rather than by 
controlling VSMC phenotype. miR-221 and miR-222, encoded by a 
gene cluster on the X chromosome, are up-regulated in VSMCs in 
neointimal lesions and in proliferating cultured VSMCs stimulated 
by PDGF-BB.53 Studies show that two CDKIs, p27KIP1 and p57KIP2, 
have miR-221 and miR-222 binding sites and are gene targets 
for miR-221 and miR-222 in the rat carotid artery in vivo.53 Thus, 
miR-221 and miR-222 are pro-proliferative because they repress 
two CDKIs, p27KIP1 and p57KIP2. Furthermore, PDGF, via miR-221 
 induction, inhibits VSMC differentiation via c-kit-induced inhibi-
tion of myocardin.54

Posttranslational Regulation of Vascular Smooth 
Muscle Cell Diversity: Epigenetics
The “epigenetic landscape” controls gene expression by chemical 
modifications that mark regions of chromosomes either by methyl-
ation of promoter CpG sequences in the DNA itself, or by covalent 
modification of histone proteins that package DNA by posttransla-
tional addition of methyl, acetyl, phosphoryl, ubiquityl, or sumoyl 
groups, leading to expression/repression of transcription (reviewed 
in55). In VSMCs, multiple levels of epigenetic controls exist for gene 
expression leading to differentiation or dedifferentiation programs 
in healthy cells and for dysregulated gene expression in vascular 
disease. These epigenetic changes in VSMCs involve both DNA and 
histone methylation as well as histone acetylation/deacetylation. 
Methylation of histones, catalyzed by histone methyltransferases 
(HMTs), results in a tight, stable epigenetic mark between methyl-
ated histones and chromatin that can be passed to daughter cells, 
thus providing “epigenetic memory” that defines cell lineage and 
identity by controlling SRF access to VSMC-specific marker genes.55 
Acetylation is controlled by HATs, which promote gene transcrip-
tion by destabilizing chromatin structure to an “open,” transcription-
ally active conformation, and HDACs, which promote chromatin 
condensation to a “closed,” transcriptionally silent conformation 
with restricted access to DNA. Histone acetylation/deacetylation 
thus serves to regulate transcription in a rapid and “on/off” manner 
in response to dynamic environmental changes and links the cell's 
genome with new extrinsic signals.55

In VSMCs, SRF binding to CArG boxes in the promoters of 
SMC marker genes to promote the VSMC differentiated pheno-
type depends upon alterations of chromatin structure, including 
histone methylation and acetylation. In a model for epigenetic 

regulation of VSMC phenotype,56 SRF binding to CArG boxes in 
VSMC marker gene promoters is blocked by conditions such as 
PDGF-BB exposure or vascular injury. Such conditions promote 
KLF4-induced myocardin suppression as well as KLF4-induced 
recruitment of HDACs, resulting in “closed” deacetylated chroma-
tin and transcriptional repression of VSMC marker genes. Histone 
methylation, in contrast, is not affected by PDGF-BB and may serve 
as a permanent “memory” for VSMC identity during repression 
of SRF-dependent transcription and can, once repressive signals 
are terminated, reactivate the differentiation program by recruit-
ing myocardin/SRF complexes or HATs to VSMC marker genes for 
reexpression. In the absence of KLF4 activation, SRF/myocardin  
can bind to HAT-induced acetylated “open” chromatin at CArG 
boxes for transcriptional activation of VSMC marker genes, thus 
promoting VSMC differentiation. In addition, myocardin induces 
acetylation of histones in the vicinity of SRF-binding promoters in 
VSMC marker genes by association with p300, a ubiquitous tran-
scriptional coactivator with its own intrinsic HAT activity, leading 
to synergistic activation of VSMC marker gene expression. This pro-
myogenic program is antagonized and repressed by myocardin 
binding to class II HDACs, which strongly inhibits expression of  
marker genes αSMA, SM22α, SMMLCK and SMMHC. These opposing 
actions of HATs and HDACs on SRF/myocardin function to acti-
vate or repress, respectively, VSMC differentiation and serve to  
regulate transcription in a rapid and reversible manner in response 
to dynamic changes in the environment.55

Often, transcription mediators play roles in both classic signal 
transduction pathways and epigenetic programming.57 Smad pro-
teins, for example, transmit TGF-β signals from the membrane to the 
nucleus to mediate gene transcription and VSMC differentiation. 
The balance between Smad-induced recruitment of corepressors 
or coactivators to TGF-β-responsive genes is associated with activa-
tion of HDAC or HAT (p300), which then alters histone acetylation. 
Transforming growth factor β induces histone hyperacetylation at the 
VSMC marker gene SM22 promoter through recruitment of HATs, 
Smad3, SRF, and myocardin, demonstrating a role for HATs and 
HDACs in TGF-β activation of VSMC differentiation.58

A proposed example of metabolic memory stored in the  histone 
code of VSMCs is found in the dysregulation of histone H3 meth-
ylation, an epigenetic mark usually associated with transcriptional 
repression in type 2 diabetes.59 In VSMCs derived from type 2 dia-
betic db/db mice, levels of H3K9me3 (H3 lysine-9 trimethylation), 
as well as its HMT,  are both reduced at the promoters of inflammatory 
genes. This loss of repressive histone marks, leading to increased 
inflammatory gene expression, is sustained in VSMCs from db/db 
mice cultured in vitro, suggesting persistence of metabolic mem-
ory. These results suggest that  dysregulation in the histone code 
in VSMCs is a potential mechanism for increased and sustained 
inflammatory response in diabetic patients who continue to 
exhibit “metabolic memory” and vascular complications after glu-
cose normalization.60

Influence of Cell-Cell and Cell-Matrix 
Interactions
Many differential VSMC functions are influenced by cell-cell and 
cell-matrix adhesion receptors that are altered during phenotypic 
modulation and during response to injury or disease. Cell-cell 
adhesion receptors include cadherins and gap junction connex-
ins; cell-matrix interactions are dependent upon combinations of 
integrins, syndecans, and α-dystroglycan.11

Cell-Cell Adhesion Molecules: Cadherins  
and Gap Junction Connexins
After investment of VSMCs to the EC layer of nascent vessels, vas-
cular stabilization, also known as maturation,61 is regulated by 
the sphingosine 1-phosphate (S1P) receptor S1P1, a GPCR on 
ECs. S1P1 activates the cell-cell adhesion molecule N-cadherin 



32

CH 
3

in ECs and induces formation of direct N-cadherin-based junc-
tions between ECs and VSMCs required for vessel stabilization.61 
To maintain VSMC quiescence within the vascular wall, cadherin-
mediated cell-cell adherens-type junctions between VSMCs inhibit 
VSMC proliferation, possibly by inhibiting the transcriptional activ-
ity of β-catenin, a component of the Wnt signaling pathway, which 
interacts with the intracellular domain of cadherins.62 Inhibition of 
β-catenin or stabilization of cadherin junctions in VSMCs may be 
useful in treating vascular disease or injury.

Another type of direct intercellular junction between cells 
in the vasculature is the gap junction.63 Gap junctions, formed 
by connexin proteins between ECs and VSMCs and between 
VSMCs, are intercellular channels that allow movement of metab-
olites, small signaling molecules, and ions between cells.63–65 Of 
the four connexin proteins expressed in VSMCs (Cx37, Cx40, Cx43, 
and Cx45), Cx45 is exclusively found in VSMCs, while Cx43 is the 
most prominent and is essential for coordination of proliferation 
and migration.63 Homotypic gap junctions between VSMCs coor-
dinate changes in membrane potential and intracellular Ca2+, and 
heterotypic contacts between ECs and VSMCs at the myoendothe-
lial junction control vascular tone by EC-mediated VSMC hyper-
polarization. Notably, expression and/or activity of vascular 
connexins are altered in vascular diseases such as hypertension, 
atherosclerosis, or restenosis64 and in diabetes.63

Cell-Matrix Adhesion Molecules: Integrins  
and Syndecans
INTEGRINS

Transmembrane integrin receptors are composed of combina-
tions of α and β subunits, each combination with its own ligand-
binding specificity and signaling properties. Integrins link the 
ECM with the actin cytoskeleton within VSMCs. The β1 subunit 
is the main β subunit in VSMCs in vivo and in vitro; the major 
α integrin subunits expressed in VSMCs in vivo are α1, α3, and 
α5.11 Integrin α1β1 is involved in collagen remodeling after 
injury, and integrin α5β1 binds to fibronectin (FN) and effects FN 
polymerization.

Activation of different VSMC integrins results in expression of 
differential phenotypic programs. Beta-1 expression contributes to 
maintenance of the VSMC contractile phenotype, whereas integrins 
α2β1, α5β1, α7β1, and αvβ3 participate in SMC migration indica-
tive of the synthetic phenotype.11 Neointimal formation after vessel 
injury is reduced by blocking αvβ3, but apoptosis in the injured vessel 
is increased, potentially promoting plaque rupture. In addition, neo-
intimal formation is prevented and the VSMC contractile pheno-
type is maintained by binding of α7β1 integrins to COMP (cartilage  
oligomeric matrix protein), a macromolecular ECM protein.66

SYNDECAN CORECEPTOR

Syndecans are members of a family of four transmembrane hep-
aran sulfate proteoglycans (HSPGs) consisting of a core protein 
covalently coupled with (GAGs).67,68 Syndecans function as core-
ceptors with growth factor or adhesion receptors and function to 
“tune” extracellular signal transfer across the cell surface to the 
cytoskeleton and cytoplasmic mediators to effect activation of a 
variety of intracellular signaling cascades. All four syndecans are 
expressed in the artery, and VSMC syndecans bind to ECM proteins, 
cell adhesion molecules, heparin-binding growth factors such 
as fibroblast growth factor (FGF) and EGF, lipoproteins, lipopro-
tein lipases, and components of the blood coagulation cascade.11 
Syndecan-1 inhibits VSMC growth in response to PDGF-BB and 
FGF2 after vascular injury.69 Syndecan-4 has been implicated in 
thrombin-induced VSMC migration and proliferation by acting  
both as a mediator for bFGF signaling and as a cofactor for fibro-
blast growth factor receptor 1 (FGFR-1),  suggesting that syndecan-4 
is an early response gene after injury, whereas syndecan-1 is active 
during the proliferative and migratory phase.68

INSOLUBLE EXTRACELLULAR MATRIX COMPONENTS

One of the most important functions of VSMCs is to secrete, orga-
nize, and maintain an elaborate ECM architecture, an “extended 
cytoskeleton” that varies according to the biomechanical stresses 
of the differing vascular beds. Large elastic arteries (e.g., thoracic 
aorta, carotid, renal arteries) are characterized by multiple concen-
tric elastic lamellae that distribute cardiac-driven pulsatile stress 
evenly throughout the vessel wall. Smaller muscular arteries that 
experience less force (e.g., coronary, cerebral, mesenteric) con-
tain only two elastic laminae. Elaboration of the ECM synthesized 
and organized by VSMCs is considered to be a major part of their 
“differentiated” phenotype70 because ECM components influence 
the same pathways regulated by growth/differentiation factors  
(see Fig. 3-3). Changes acquired by VSMCs during acquisition 
of contractile properties are in turn maintained by the ECM in 
“dynamic reciprocity” between the matrix and gene expression. In 
addition to providing a structural elastic scaffold for the extensi-
ble vessels, the ECM regulates gene expression through binding of 
matrix receptors on the cell surface and through acting as a res-
ervoir for growth factors such as PDGF and FGF that regulate cell 
function (reviewed in71).

Extracellular matrix components are classified as fiber-forming 
molecules (certain collagens and elastin), non-fiber-forming or 
interfibrillar molecules (proteoglycans and glycoproteins), and 
matricellular proteins (thrombospondin-1 and -2, secreted pro-
tein acidic and rich in cysteine [SPARC/osteonectin], tenascin-C, 
and osteopontin) that modulate cell-matrix interactions and tissue 
repair.72 A list of ECM molecules and diseases resulting from ECM 
alterations can be found in a recent review72 (also see Chapter 4).

BASEMENT MEMBRANE

Vascular smooth muscle cells in the intact vessel are surrounded 
by a basement membrane composed primarily of type IV colla-
gen and laminin.11 Laminins are basement membrane modular 
glycoproteins that interact with both cells and ECM to affect pro-
liferation, migration, and differentiation.70 Evidence from cultured 
VSMCs suggests that laminin induces expression of contractile  
proteins and moderates the proliferative response to mitogens 
such as PDGF through a mechanism involving the laminin recep-
tor α7β1, which links the basement membrane to the VSMC  
contractile apparatus.3

FIBRONECTIN

Fibronectin is present in developing tissues prior to collagen, and 
there is evidence that FN has an organizing role in ECM assem-
bly as a “master orchestrator” for matrix assembly, organization, and 
stability.73,74 Fibronectin binding to α5β1 induces integrin-bound 
FN clustering, resulting in activation of actin polymerization, actin-
myosin interactions, and signaling through kinase cascades. Thus, 
FN modulates VSMCs toward the synthetic phenotype.12

COLLAGENS

Differential phenotypic modulation of VSMCs in response to dif-
ferent forms of collagen or to different isotypes of collagen illus-
trates the importance of cues from the physical and chemical ECM 
environment that regulate VSMC physiology in normal and disease 
states.75 Cells cultured on fibrillar vs. monomeric collagen type 1 
exhibit very different gene expression profiles, responses to growth 
factors such as PDGF-BB, and migration properties.12 Fibrillar col-
lagen type 1 promotes the contractile phenotype, whereas mono-
meric collagen type 1, found in the degraded matrix of vascular 
lesions (“atherosclerotic matrix”), activates proliferation,76 reduces 
contractile gene expression, and promotes a VSMC inflammatory 
phenotype with increased VCAM-1 expression.75 Vascular smooth 
muscle cells also exhibit different phenotypic profiles depend-
ing upon contact with different collagen isotypes: collagen type 
IV, a component of the basement membrane surrounding VSMCs 
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(“protective” matrix), promotes expression of contractile proteins 
by regulating the SRF coactivator myocardin expression and medi-
ating recruitment of SRF to CArG boxes in αSMA and SMMHC 
promoters.75

ELASTINS AND ELASTIN-ASSOCIATED PROTEINS

Elastic fibers are composed of tropoelastin, fibrillin-1, and 
 fibrillin-2 and are assembled and deposited in a tightly regulated, 
hierarchical manner.77,78 They provide not only unique elasto-
meric properties to the vessel wall but also influence phenotypes 
of VSMCs, directly through adhesion and indirectly through TGF-
β signaling,77 to regulate migration, survival, and differentiation.78 
Elastin maintains the quiescent, contractile phenotype of VSMCs 
by specifically regulating actin polymerization and organization 
via a signal transduction pathway involving Rho GTPases and 
their effector proteins.79 Mechanical injury or inflammation that 
results in focal destruction of insoluble elastin into soluble elastin-
derived peptides induces VSMC dedifferentiation and migration. 
Elastin-derived peptides can activate cyclins/cyclin-dependent 
kinases, leading to cell cycle progression and proliferation found 
in neointimal formation.

FIBRILLINS

Fibrillins are large cysteine-rich glycoproteins that serve dual roles: 
(1) providing stability and elasticity to tissues and (2) sequestering 
TGF-β and BMP complexes in the ECM to limit their bioavailability, 
providing for spatial and temporal growth factor signaling during 
remodeling or repair.80,81 Mutations in the fibrillin-1 gene are found 
in Marfan syndrome, a heritable disease associated with disorga-
nized elastic fibers in defective aorta and excess TGF-β signaling.78

FIBULINS

Fibulins are elastic fiber–associated proteins.78 Vascular smooth 
muscle cells from fibulin-5 null mice exhibit enhanced prolifera-
tion and migration, indicating an inhibitory role for fibulin-5 in 
VSMC response to mitogenic stimuli.82 Vascular smooth muscle 
cell- specific deletion of the fibulin-4 gene results in large aneurysm 
formation exclusively in the ascending aorta and down-regulation 
of SMC-specific contractile proteins and transcription factors for 
SMC differentiation. Thus fibulin-4 may serve a dual role in both 
elastic fiber formation and SMC differentiation, and therefore may 
protect the aortic wall against aneurysm formation in vivo and 
may also maintain an ECM environment for VSMC differentiation. 
Fibulin-2 and fibulin-5 double knockout mice have vessels that 
exhibit disorganized internal elastic lamina and an inability to 
remodel after carotid artery ligation-induced injury,83 which was 
not observed in single knockout mice for fibulin-2 or fibulin-5. 
These data suggest that fibulins 2 and 5 function cooperatively to 
form the internal elastic laminae and protect vessel integrity.

EMILINS

EMILINs (elastin microfibril interface-located proteins) act as an 
extracellular negative regulator of TGF signaling.84 EMILIN null 
mice (Emilin1[−/−]) exhibit inhibition of cell proliferation, smaller 
blood vessels, altered elastic fibers,85 and increased peripheral 
resistance, causing hypertension.84 These data indicate a role for 
EMILIN in elastogenesis, maintenance of VSMC morphology, and—
importantly—in blood pressure control.

GLYCOSAMINOGLYCANS, PROTEOGLYCANS,  
AND MATRICELLULAR PROTEINS

Glycosaminoglycans in the vascular ECM, including heparin and 
the related heparan sulfate, inhibit VSMC migration and prolifera-
tion. Heparin also induces expression of contractile markers for 
maintenance of the differentiated phenotype.3 Proteins bearing 
GAG chains, the proteoglycans,86 which include syndecan trans-
membrane HSPG and perlecan basement membrane HSPG, 

 interact with FN in matrix assembly.74 Different proteoglycans can 
have opposing effects on VSMCs: the HSPG perlecan inhibits VSMC 
proliferation and  intimal thickening by sequestering FGF-2,12,69 
while versican, a chondroitin sulphate proteoglycan, promotes 
VSMC proliferation.87 Vasoactive agents acting through GPCRs such 
as endothelin-1 and Ang II stimulate elongation of GAG chains on 
the proteoglycan core proteins.88 These elongated GAG chains 
exhibit enhanced binding to low-density lipoprotein (LDL), pro-
viding a mechanism for atherogenic lipid retention in the vessel 
wall. Finally, matricellular proteins (e.g., thrombospondins, tenas-
cins, SPARC),  are thought to be “antiadhesive proteins” with effects 
on VSMC migration and adhesion.70 CCN (cysteine-rich protein, Cyr 
61/CCN1) is a family of secreted matricellular proteins that medi-
ate cellular responses to environmental stimuli through interac-
tion with a variety of cell surface proteins and adhesion receptors 
including Notch receptors and integrins.89 CCN1, which is up-regu-
lated in the VSMCs of injured arteries, stimulates VSMC proliferation 
through CCN1/α6β1 integrin interactions.90 Knockdown of CCN1 
in injury models suppresses neointimal hyperplasia. In contrast, 
CCN3 protein inhibits VSMC proliferation in a TGF-β-independent 
manner by increasing the CDKI p21, partly through Notch sig-
naling, thus suppressing neointimal thickening.91 These contrast-
ing roles for pro-proliferative CCN1/α6β1 integrin signaling and 
 antiproliferative CCN3/Notch signaling in VSMCs offer therapeutic 
strategies for reducing  neointimal hyperplasia.91

MATRIX METALLOPROTEINASES AND TISSUE 
INHIBITORS OF MATRIX METALLOPROTEINASES

Matrix metalloproteinases are zinc-containing enzymes that, along 
with extracellular proteases in the plasminogen activation sys-
tem, induce remodeling of VSMC cell-matrix and cell-cell interac-
tions (reviewed in92–94) and release ECM-bound growth factors, 
cytokines, and proteolyzed ECM fragments, or “matrikines,” with 
cytokine-like properties into the ECM. Members of the MMP fam-
ily found in vascular tissues (listed in Ref. 95) include intersti-
tial collagenases, basement membrane gelatinases, stromelysins, 
matrilysins, and membrane type (MT)-MMPs and metalloelastase 
(see Chapter 4). In the  vascular wall, production of pro-MMP-2,  
MMP-14, and TIMP-1 and -2 is constitutive,96 while other MMPs can 
be induced by inflammatory cytokines (interleukin [IL]-1 and 
-4 and tumor necrosis factor α [TNF-α]), hemodynamics, vessel 
injury, and ROS.93 In addition, MMPs can act synergistically with 
growth factors such as PDGF and FGF-2.

Matrix metalloproteinase induced remodeling of basement 
membrane components laminin, polymerized type IV collagen, 
and HSPGs promotes a VSMC migratory phenotype. In addition, 
MMP cleavage and shedding of non-matrix substrates—in partic-
ular, adherens junction cadherins—act to remove physical con-
straints on cell movement.93 Furthermore, ECM remodeling enables 
integrin signaling from the cell surface to focal adhesions, modu-
lating cell cycle components cyclin D1 and p21/p27 CDKIs.96

In vascular remodeling, MMP activities are tightly regulated at  
several levels: transcriptional level, activation of pro-forms, inter-
action with specific ECM components, and inhibition by TIMPs. 
Modulation of MMP activity is evident in VSMC migration and 
 neointima formation after injury, plaque destabilization in atheroscle-
rosis, aneurysm formation, hypertension, and coronary restenosis.95 
In atherosclerosis, MMPs have potential either to promote plaque 
instability, as in advanced plaques of hypercholesterolemia models, 
or to stabilize plaques by increasing VSMC migration/proliferation.  
Up-regulation of MMPs in VSMCs may contribute to aneurysm 
formation.3

MECHANICAL EFFECTS

Data on VSMC phenotypic modulation by the mechanical envi-
ronment indicate that continuous cyclic mechanical strain acting 
directly on VSMCs increases collagen and fibronectin synthesis, 
possibly by paracrine release of TGF-β1, resulting in increased ECM 
remodeling indicative of a VSMC synthetic phenotype.12 In contrast, 
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some studies have shown that mechanical strain can also stimulate 
expression of contractile genes.3 Although MAPK signaling path-
ways are induced following initiation of cyclic strain, mechanisms 
for this induction are unclear. Activation of ion channels and tyro-
sine kinases, and paracrine release of soluble mediators such as 
Ang II, PDGF , and IGF , are postulated to play a role.3

Mechanical signals play a role in stimulating cell cycle progres-
sion. Actin filament polymerization and organization induced 
by integrin ligation generate intracellular mechanical tensional 
forces that promote cell cycle progression.97 In addition, “stiffness,” 
or compliance of the ECM, can direct cellular functions through 
integrin-dependent signaling pathways involving FAK, the canon-
ical mediator of integrin signaling, Rho family GTPase Rac and 
cyclin D1.98

Phenotype-Specific Vascular Smooth 
Muscle Cell Functions
Contraction
The primary function of differentiated VSMCs is to maintain vas-
cular tone. This is an active process requiring significant energy 
expenditure, especially in resistance arterioles. A number of hor-
mones and peptides regulate VSMC contraction, including cate-
cholamines, Ang II, and endothelin-1. Contractions can be phasic, 
lasting only minutes, or tonic, depending on the stimulus.

In nearly all cases, stimulation of VSMC with contractile agents 
results in activation of a specific GPCR (Fig. 3-6). The immediate 
res ponse is activation of PLC, which cleaves the membrane phos-
pholipid phosphatidylinositol 4,5-bisphosphate (PIP2) to release 

inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3, in 
turn, binds to its receptor (a channel) on the sarcoplasmic reticu-
lum (SR), creating an open conformation and translocating Ca2+ 
to the cytoplasm. Simultaneously, receptor activation depolarizes 
the plasma membrane by altering the activity of pumps such as 
the sodium/potassium–adenosine triphosphate (Na+/K+-ATPase), 
and channels that include Ca2+-sensitive K+ channels and TRP 
channels.99 Membrane depolarization leads to activation of volt-
age-dependent L-type Ca2+ channels, calcium influx, and a more 
sustained but less robust elevation of cytosolic calcium. Moreover, 
Ca2+ entry through these channels activates ryanodine receptors 
on the SR, further increasing Ca2+ release into the cytosol.

The increased cytoplasmic calcium binds to calmodulin 
(CaM) at a ratio of four calcium ions to one CaM molecule. 
Calmodulin then undergoes a conformational change, and binds 
to and activates myosin light chain kinase (MLCK), the enzyme 
responsible for phosphorylation of the 20-kD regulatory myosin 
light chain (LC20) on serine 19. Activated LC20 facilitates actin-
mediated myosin adenosine triphosphate (ATPase) activity and 
cyclic interaction of myosin and actin,100 leading to contraction. 
Contraction is maintained even when calcium drops, suggesting 
that LC20 becomes  sensitized to calcium, likely by inhibition of 
myosin  phosphatase (see later discussion).101

Because the increase in intracellular calcium caused by 
 vasoconstrictors is largely responsible for activation of the 
contractile apparatus, essential mechanisms exist to limit Ca2+ 
entry and clear Ca2+ from the cytosol. Ryanodine receptors 
cluster to release calcium sparks, which in turn stimulate Ca2+-
activated large  conductance K channels (BK channels) to cause 
 hyperpolarization and limit L-type calcium channel activity.102 
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FIGURE 3-6 Model for contraction 
cascade in vascular smooth muscle 
cell (VSMC). Binding of contractile 
agonists to G protein-coupled receptors 
(GPCRs) activates phospholipase C (PLC) 
and subsequent PLC-mediated 
hydrolysis of phosphatidylinositol  4,5-
bisphos phate (PIP

2
) to release inositol 

1,4,5-trisphosphate (IP
3
) and diacylglycerol 

(DAG), leading to increased mobilization 
of Ca2+. Ca2+ combines with calmodulin 
(CaM) and activates myosin light chain 
kinase (MLCK)-induced phosphorylation 
of myosin light chain (MLC), which, 
together with actin, initiates contraction. 
In addition, guanine nucleotide exchange 
factor (GEF) activation of Rho leads to Rho 
kinase stimulation and inhibition of myosin 
light chain phosphatase (MLCP), resulting 
in enhancement of contraction. ADP, 
adenosine diphosphate; ATP, adenosine 
triphosphate; GTP, guanosine triphosphate. 
(Adapted from Griendling K, Harrison D, 
Alexander R: Biology of the vessel wall. In 
Fuster V, Walsh R, O'Rourke R, Poole-Wilson P, 
editors. Hurst's the heart. 12th ed. New York, 
2008,  McGraw-Hill, pp 135–154.)
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Additionally, the sarcoplasmic reticulum Ca2+-ATPase (SERCA) 
mediates Ca2+ reuptake into the SR and serves to maximize Ca2+ 
extrusion from the cell because the newly taken-up SR Ca2+ is 
released in a directed manner towards the plasma membrane, 
where a plasma membrane Ca2+-ATPase extrudes Ca2+ from the 
cell. Importantly, SERCA is inhibited by CaM kinase II–mediated 
phosphorylation.103

Recently, ROS and reactive nitrogen species (RNS) have emer-
ged as effective modulators of contractile signaling.104 Specifically, 
high levels of ROS oxidize SERCA, thereby inhibiting its activity.  
Hydrogen peroxide applied externally increases IP3 receptor-
mediated release of Ca2+ into the cytosol, and activation of NADPH 
oxidases by contractile agonists sensitizes the IP3 receptor to IP3. 
Ryanodine receptors are also redox-sensitive. S-nitrosylation acti-
vates them, and exposure to endogenous levels of ROS and RNS 
can protect these receptors from inhibition by CaM at high con-
centrations of calcium. Both hydrogen peroxide and super oxide 
can stimulate Ca2+ entry via L-type or T-type calcium channels 
(including TRP channels), but S-nitrosylation by nitric oxide (NO) 
is inhibitory. Thus, in general, ROS and RNS inhibit Ca2+ pumps and 
activate Ca2+ entry and release, resulting in an increase in intracel-
lular Ca2+ concentration.

Myosin light chain phosphatase (MLCP) is also a vital regulator 
of vascular contraction. It is a multimeric enzyme composed of 
a regulatory myosin-binding subunit (MYPT1), a catalytic subunit 
(PP1c), and a 20-kD protein (M20). The activity of MLCP is largely 
regulated by Rho kinase-mediated phosphorylation of MYPT1 on 
Thr695, either directly or via Rho-kinase activation of ZIP kinase.101 
Myosin light chain phosphatase activity can also be inhibited by 
CPI-17 (PKC-potentiated PP1 inhibitory protein of 17 kD), which 
when phosphorylated by PKC, acts as a pseudosubstrate, binds to 
PP1c, and competes with LC20 for phosphorylation. Inhibition of 
MLCP activity enhances contraction, as mentioned, by inducing 
Ca2+  sensitization of the contractile apparatus.105

Rho kinase has thus emerged as an important part of the con-
traction cascade.106 In addition to its role in enhancing contraction, 
such as in response to Ang II, it is a major regulator of relaxation. 
Its activator, the small-molecular-weight GTPase RhoA, is a target of 
NO, which by activating protein kinase G (PKG), inactivates Rho, 
thus indirectly inhibiting Rho kinase, increasing MLCP activity, and 
inhibiting contraction.

It is noteworthy that paracrine factors such as NO secreted by 
neighboring ECs represent the major mechanism of vasorelax-
ation. Shear stress forces and hormones such as acetylcholine 
or bradykinin stimulate ECs to secrete NO, which in turn initiates 
VSMC relaxation.3,107,108 Nitric oxide induces relaxation of smooth 
muscle potentially via a number of pathways, the most important 
of which depend on its ability to release cyclic guanosine mono-
phosphate (cGMP). It can directly (via S-nitrosylation of cysteine 
residues) or indirectly (through PKG) activate BK channels,109 
thus causing membrane hyperpolarization and reducing influx 
through L-type Ca2+ channels. In addition, PKG phosphorylates IP3 
receptor-associated PKG-I substrate (IRAG), which inhibits Ca2+ 
release from IP3 receptors. Nitric oxide also increases Ca2+ uptake 
via S-glutathionylation of SERCA and decreases the Ca2+ sensitiv-
ity of contractile proteins. This pathway is perturbed in diabetic 
animal models, in which high levels of ROS derived from NADPH 
oxidase 4 irreversibly oxidize SERCA, rendering it insensitive to 
NO.110 In addition to regulating Ca2+ levels, NO-mediated activa-
tion of PKG can phosphorylate PP1c and/or MYPT1 to block 
vasoconstrictor-mediated inhibition of MLCP.

Other relaxing factors secreted by endothelial cells include 
hydrogen peroxide, prostaglandins, and epoxyeicosatrienoic acids 
(EETs). In addition, perivascular adventitial adipocytes (PVAs) 
have also been shown to secrete factors that influence contrac-
tility (reviewed in111). These cytokines, collectively known as adi-
pokines, are both vasoactive and pro- and antiinflammatory, and 
include cytokines TNF-α, IL-6, chemokines (IL-8 and monocyte 
 chemoattractant protein [MCP-1]) and hormones (leptin, resistin, 
and adiponectin).111,112

Proliferation
Vascular smooth muscle cell proliferation is important in early 
vascular development and in repair mechanisms in response to 
injury. However, excessive VSMC proliferation contributes to pathol-
ogy, not only in vascular proliferative diseases such as atheroscle-
rosis but also, ironically, as a consequence of the intervention 
procedures used to treat these occlusive atherosclerotic diseases 
and their complications,  including postangioplasty restenosis, vein 
bypass graft failure, and transplant failure.113

Vascular smooth muscle cell proliferation can be regulated by 
myriad soluble and insoluble factors that activate a variety of intra-
cellular signaling pathways such as MAPK or Janus kinase/signal 
transducers, tyrosine phosphorylation, and mitogen-activated pro-
teins.114,115 Regardless of the initial proliferative stimulus, these sig-
naling pathways ultimately converge onto the cell cycle116 (Fig. 3-7). 
The four distinct phases of the cell cycle are: (1) Gap 1 (G1) in which 
factors necessary for DNA replication are assembled; (2) DNA rep-
lication or S phase; (3) Gap 2 (G2) in preparation for mitosis; and  
(4) mitosis or M phase. Restriction points in the cell cycle exist at 
transitions between G1/S and G2/M. Progression through the cell 
cycle phases is regulated by cyclin-dependent kinases (CDKs) 
and their regulatory cyclin subunits. Cyclins D/E and CDK2, 4, and 
5 control G1, cyclin A and CDK2 control the S phase along with 
the DNA polymerase cofactor PCNA, and cyclins A/B and CDK1 
control the M phase. Cyclin-dependent kinases such as p27KIP1 and 
p21CIP1 bind to and inhibit the activation of cyclin-CDK complexes 
(see Fig. 3-7). Activities of these enzymes depend upon phosphory-
lation status of CDKs, levels of expression of cyclins, and nuclear 
translocation of cyclin-CDK complexes. One regulatory protein 
is survivin, which competitively interacts with the CDK4/p16INK4a 
complex to form a CDK4/survivin complex, thus inducing CDK2/
cyclin E activation and S-phase entry and cell cycle progression.117 
Transcription factors that transactivate CDKs and CDKIs also medi-
ate cell cycle progression. It is known that p53, GAX, and GATA-6 
induce p21CIP1 expression, leading to G1 phase arrest, and E2F tran-
scription factors control the G1/S transition regulated by the retino-
blastoma protein Rb, the product of the rb tumor suppressor gene. 
Rb exerts its negative regulation on the cell cycle by binding to 
E2F transcription factors, rendering them ineffective as transcrip-
tion factors. When the Rb/E2F complex is phosphorylated by CDKs 
in early G1, the complex is dissociated, leaving E2F available to acti-
vate genes required for S-phase DNA synthesis.116 It is worth not-
ing that the HDAC inhibitor trichostatin A blocks proliferation by 
induction of the cell cycle inhibitor p21CIP1 and suppression of Rb 
protein phosphorylation, leading to subsequent cell cycle arrest at 
the G1/S phase.117

In addition to cell cycle regulatory proteins, telomerase activity 
is required for VSMC proliferation. Telomeres are noncoding DNA 
TTAGGG repeat sequences at the ends of chromosomes that cap 
and stabilize chromosomes against degradation, recombination, or 
fusion.118 Associated with telomeric DNA are protein complexes, 
including telomerase, that synthesize new telomeric DNA in cells 
with high proliferative potential. Telomerase consists of an RNA 
component and two protein components, one of which is telomer-
ase reverse transcriptase (TERT), the catalytic component and lim-
iting factor for telomerase activation. When telomerase expression 
is low, telomere attrition with each mitotic cycle results in chro-
mosome shortening and instability, replicative senescence, and 
growth arrest. In VSMCs, posttranslational phosphorylation of TERT 
is linked to telomerase activation, and levels of telomerase expres-
sion and activity correlate with proliferation.118 Importantly, telom-
erase activation and telomere maintenance have been associated 
with excessive VSMC proliferation in both animal and human 
vascular injury and disease;118 disruption of telomerase activity 
reduces this proliferative response.

Growth of VSMC is initiated by exposure of the cells to pro-
proliferative signals. Classical growth factors activate RTKs, either 
directly or via GPCR-mediated transactivation.116,117 Growth factors 
in VSMCs binding to RTKs include PDGF, bFGF, IGF-1, TGF-β, EGF, 
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and hypoxia-inducible factor (HIF), and mitogens that activate 
GPCRs include hormones such as Ang II,15 endothelin, or oxidized 
LDL. Activation of these receptors stimulates sequential signal-
ing cascades mediated by Ras, p70S6K, Rac/NADPH/ROS, PI3K/Akt,  
MEK/ERK, or MAPKK/p38MAPK, which induce cyclin D1 expres-
sion.115 Src homology 2–containing protein tyrosine phospha-
tase 2 (SHP2), a member of the non-receptor protein tyrosine 
phosphatase family, dephosphorylates tyrosine residues on target 
 proteins in response to growth factors, hormones, and cytokines.119 
In VSMCs, SHP2 is a positive mediator of IGF-1- and LPA-induced 
MAPK signaling pathways; SHP2 has negative effects on EGF- and 
Ang II-induced Akt signaling, implicating SHP2 in modulating cell 
cycle progression, growth, and migration.

An important integration point in growth factor signaling is 
mTOR (mammalian target of rapamycin), which regulates protein 
synthesis, cell cycle progression, and proliferation.117 Mammalian 
target of rapamycin is a protein kinase that regulates translation 
initiation through effectors p70S6K and eIF4E, leading to protein syn-
thesis necessary for cell division. Rapamycin, an immunosuppres-
sive macrolide antibiotic, inhibits mTOR downstream signaling 
cascades, with reductions in protein synthesis leading to cell cycle 
arrest.116 In VSMCs, rapamycin inhibits the mTOR/p70S6K signaling 
axis, promotes a VSMC differentiated, contractile phenotype by reg-
ulating transcription of contractile proteins, and induces expres-
sion of the antiproliferative CDKIs p21CIP and p27KIP to inhibit cell 
cycle progression.117 Use of rapamycin (sirolimus)-coated coro-
nary stents is highly effective in reducing the postangioplasty reste-
nosis rate in interventional cardiology.120

Ion channels for Ca2+, Mg2+, and K+ are also activated by growth 
factors and mediate proliferation. Transient increases in Ca2+ 

 concentration, together with subsequent Ca2+ binding to its 
intracellular receptor CaM, are universally required for prolifera-
tion.121 The mechanism for the Ca2+ sensitivity of this G1-to-S tran-
sition involves the Ca2+-dependent binding of CaM to cyclin E 
and activation of CDK2 to promote G1/S transition and VSMC 
proliferation (reviewed in122,123). Elevated levels of Mg2+ increase 
expression of cyclin D1 and CDK4 and decrease activation of 
p21CIP1 and p27KIP1 through an ERK1/2-dependent, p38 MAPK-
independent pathway.124 Changes in VSMC K+ channel expres-
sion profiles and activity are linked to cell cycle progression, 
implicating these ion channels as “internal timers” of VSMC 
cell division.125 Growth factor–induced release of Ca2+ from 
intracellular Ca2+ storage organelle activates and up-regulates  
intermediate-conductance Ca2+-activated K+ (IKCa)-type K+ chan-
nels, the predominant Ca2+-sensitive K+ channel in proliferat-
ing VSMCs.126 In addition, voltage-gated K+ channels KV1.3127 
and KV3.4128 are up-regulated in proliferating VSMCs. Blockade 
of these Ca2+-activated and voltage-gated K+ channels inhibits 
proliferation and attenuates vascular disease/injury–induced 
remodeling in rodents.129

Signals from insoluble ECM-activated integrins and from solu-
ble growth factor mitogens converge and jointly regulate upstream 
cytoplasmic signaling networks to mediate expression of cyclin D1 
and cyclin E and associated CDK4/6 and CDK2 in the G1 phase, 
the part of the cell cycle most affected by extracellular stimuli.130 
In addition, joint RTK/integrin complex signaling networks impact 
G1 phase regulation by inhibiting p21CIP1 and p27KIP1, resulting in 
Rb phosphorylation and induction of E2F-dependent genes, with 
 progression to autonomous stages of the cell cycle (S, G2, and M) 
that are independent of external stimuli.
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FIGURE 3-7 Model for cell cycle regulation 
in Vascular smooth muscle cells (VSMCs). 
Mitogens activate growth factor receptor 
tyrosine kinase (RTKs), G protein-coupled 
receptors  (GPCRs), NADPH oxidase, and integrins 
to stimulate extracellular signal regulated 
kinase (ERK), phosphatidylinositol 3-kinase 
(PI3K) and Rho/Rac pathways, which converge 
onto cell cycle components, especially cyclin 
D, to regulate proliferation. Cyclin regulatory 
subunits and cyclin-dependent kinases (CDKs) 
catalytic subunits form holoenzymes that 
are phase-specific for the four phases of the 
cell cycle: G1, deoxyribonucleic acid (DNA) 
replication or S phase, G2, and mitosis or M 
phase. Endogenous cyclin-dependent kinase 
inhibitors (CDKIs), including p21, p27, and 
p57, inactivate cyclin/CDKs and therefore 
block cell cycle progression and proliferation. 
Other cell cycle regulators include the tumor 
suppressor p53 and the transcription factors 
GAX and GATA-6 that stimulate CDKI p21CIP1 

and induce cell cycle arrest. Cooperating with 
cyclin/CDKs is proliferating cell nuclear antigen 
(PCNA) for transition through G1 and S phases. 
Hyperphosphorylation of the retinoblastoma 
protein (pRb) releases elongation factor 2 F 
(E2F), allowing cell cycle progression through 
the G1 phase restriction point and expression 
of genes required for DNA synthesis. Activation 
of p53 or Rb pathways results in cell cycle 
arrest and senescence. (Adapted from Fuster JJ, 
Fernandez P, Gonzalez-Navarro H, et al: Control of 
cell proliferation in atherosclerosis: insights from 
animal models and human studies. Cardiovasc Res 
86:254–264, 2010; and Dzau VJ, Braun-Dullaeus 
RC, Sedding DG: Vascular proliferation and 
atherosclerosis: new perspectives and therapeutic 
strategies. Nat Med 8:1249–1256, 2002.)
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As noted previously, Notch proteins are also important  

regulators of VSMC proliferation (reviewed in22). Notch4/HRT-
induced repression of p27KIP1 and Notch3/HRT1-induced repres-
sion of p21CIP1, as well as up-regulation of Akt signaling, an 
anti-apoptosis pathway, result in promotion of VSMC proliferation. 
Furthermore, Notch1 is critical in mediating neointimal forma-
tion and remodeling after vascular injury.

Peroxisome proliferator-activated receptors (PPARs), nuclear 
 hormone receptors with regulatory roles in lipid and glucose 
metabolism, are beneficial in VSMCs by targeting genes for cell  
cycle progression, cellular senescence, and apoptosis to inhibit 
proliferation and neointimal formation in atherosclerosis and 
postangioplasty restenosis (reviewed in131). Activation of PPARα 
suppresses G1-to-S progression by inducing expression of p16INK4a  
(a CDKI), thereby inhibiting phosphorylation of Rb.132 This antip-
roliferative effect is mediated by repression of telomerase activity 
by inhibiting E2F binding sites in the TERT promoter.133 Another 
PPAR isotype, PPARγ, also blocks G1-to-S cell cycle transition by 
preventing degradation of p27KIP1, resulting in inhibition of pRb 
phosphorylation and suppression of E2F-regulated genes respon-
sible for DNA replication.131 Similar to PPARα, PPARγ also inhib-
its telomerase activity in VSMCs by inhibition of early response 
gene Ets-1-dependent transactivation of the TERT promoter.131 
Thiazolidinediones (TZD), PPARγ agonists used clinically in the 
treatment of type 2 diabetes mellitus, decrease VSMC proliferation 
and prevent atherosclerosis in murine models of the disease.131

Cyclic adenosine 3′,5′-monophosphate (cAMP) and cGMP are 
second messengers in myriad signal transduction pathways.134 In 
VSMCs, cAMP serves as an antagonist both to mitogenic signal-
ing pathways (by inhibiting MAPK, PI3 kinase, and mTOR signal-
ing axes) and to cell cycle progression (by down-regulating cyclins 
or up-regulating CDKI p27KIP1). An additional antiproliferative effect 
is due to down-regulation of S-phase kinase-associated protein-2 
(Skp2) mediated by inhibition of FAK phosphorylation and adhe-
sion-dependent signaling. Skp2 is a ubiquitin ligase subunit that 
targets p27KIP1 for proteasomal degradation, thus promoting VSMC 
proliferation.135

A more recently appreciated pathway that controls VSMC growth 
involves miRNAs. The potential involvement of these molecules 
was first noted in balloon-injured rat carotid arteries, where sev-
eral miRNAs, including miR-21, are up-regulated compared with 
control arteries (reviewed in136). Cell culture models show that 
miR-21 is a pro-proliferative and anti-apoptotic regulator of VSMCs, 
with target genes phosphatase and tensin homology deleted from 
chromosome 10 (PTEN), programmed cell death 4 (PDCD4), and 
Bcl-2. miR-21 has opposite effects on PTEN and Bcl-2: overexpres-
sion down-regulates PTEN and up-regulates Bcl-2. PTEN modulates 
VSMCs through PI3K and Akt signaling pathways, while Bcl-2 medi-
ates its downstream signaling through AP-1.

Finally, cell-cell junctions, as described above for cadherins 
and gap junction connexins, and cell-matrix contacts can greatly 
influence VSMC proliferation (reviewed in115). Normally, resident 
VSMCs, surrounded by and binding to polymerized collagen type 
1 fibrils through α2β1 integrins, exhibit low proliferation indices, 
are arrested in the G1 phase of the cell cycle, and are refractory 
to mitogenic stimuli. In this quiescent state, levels of cell cycle 
regulatory proteins are modulated to inhibit the G1/S transition: 
cyclin E and CDK2 phosphorylation is inhibited, while CDKIs are  
up-regulated and suppress cyclin E/CDK2 activity. Additionally, 
p70S6K, a potent stimulator of mitogenesis and a regulator of 
p27KIP1, is suppressed. In contrast, VSMCs on monomeric collagen  
matrices are responsive to growth factor signals which result in 
increased cyclin E–associated kinase activity and cell proliferation. 
These differential responses of VSMCs to structurally distinct forms 
of collagen type 1 are reflected in the differential regulation of cell 
cycle proteins and the differential response to mitogenic stimuli. 
Therefore, perturbations or degradation of the collagen matrix, as 
found in sites of monomeric collagen in vascular lesions, result in 
altered VSMC proliferation, response to mitogens, and neointimal 
formation.76

Migration
Smooth muscle migration is an essential element of wound 
repair, but unchecked migration and proliferation can contrib-
ute to  neointimal thickening and development of atherosclerotic 
plaques. A number of promigratory and antimigratory molecules 
regulate VSMC migration, including peptide growth factors, ECM 
components, and cytokines.137 The extent of migration is also influ-
enced by physical factors such as shear stress, stretch, and matrix 
stiffness. PDGF-BB, bFGF, and S1P are among the most potent pro-
migratory stimuli in the vascular system. Intracellular signaling cas-
cades initiated by these growth factors act in concert with those 
activated by integrin receptor interaction with matrix to mediate 
the migratory response. Matrix surrounding the migrating cell must 
be degraded by MMPs to allow a pathway into which the cell can 
protrude. Important promigratory matrix components include col-
lagen I and IV, osteopontin, and laminin. Matrix interactions can 
also be antimigratory, as with the formation of stable focal 
adhesions, activation of TIMPs, and heparin.

When a cell begins to migrate, a number of coordinated events 
must take place in a cyclic fashion138 (Fig. 3-8). Signaling mecha-
nisms that regulate migration have mostly been studied in fibro-
blasts, but recently many have been confirmed in VSMCs.  Migration 
requires specialized signaling domains at the front and rear of the 
cell. When confronted with a migratory stimulus, the cell senses the 
gradient and establishes polarity. Plasma membrane in the form of 
lamellipodia is then extended in the direction of movement. This 
process is controlled by reorganization of the actin cytoskeleton 
just under the protruding membrane. New focal complexes are 
formed in the lamellipodia via cytoskeletal remodeling and inte-
grin interaction with the matrix. The cell body begins to contract, 
powered by engagement and phosphorylation of myosin II, and 
focal adhesions in the rear of the cell become detached, leading 
to retraction of the “tail” of the cell. Finally, adhesion receptors are 
recycled by endocytosis and vesicular transport. Successful migra-
tion is thus dependent on proper temporal and spatial activa-
tion of many molecules, most of which are related to cytoskeletal 
elements.

Much is known or inferred about the signaling mechanisms 
activated by PDGF in migrating cells.137 When PDGF-BB binds to 
PDGFRs, receptor autophosphorylation creates binding sites for 
phospholipase Cγ, which mobilizes calcium; PI3K, which forms the 
membrane-targeting lipid PIP2; and Ras, which activates MAPKs. 
Nucleation of new actin filaments at the leading edge is initiated 
by binding of nucleation promoting factors verprolin-homologous 
protein (WAVE) and Wiskott-Aldrich's syndrome protein (WASP) 
to actin-related protein ARP2/3; phosphorylation of the actin bind-
ing coronin; and dissociation of actin capping proteins, many of 
which are regulated by PIP

2. Extension of new actin filaments is 
promoted by formins (mDia1 and mDia2), which act on the plus 
end of actin filaments in coordination with profilin. Regulation 
of mDia proteins is largely via conformational changes induced 
by the small G-proteins RhoA and cdc42. Profilin increases nucle-
otide exchange on G-actin monomers, thus enhancing actin 
 polymerization. Severing of existing actin filaments is a conse-
quence of activation of gelsolin and cofilin, which limit filament 
length and initiate turnover of existing filaments. Rac also regu-
lates actin reorganization in the lamellipodium, perhaps by acti-
vation of p21-activated kinase (PAK)-mediated phosphorylation 
of actin binding proteins. The result of these complicated, coordi-
nated events is protrusion of lamellipodia in the direction of the 
detected migratory stimulus (see Fig. 3-8).

Once lamellipodial protrusion has occurred, it is necessary for 
the cell to create new contacts with the matrix and dissolve ones 
no longer needed. These nascent focal contacts provide traction 
for eventual contraction of the cell body and propulsion of the 
cell forward.137 Very little is known about focal adhesion composi-
tion in VSMCs, but signaling at focal adhesions is coordinated by 
integrin interaction with the matrix, integrin clustering, activation 
of a series of protein tyrosine kinases including integrin-linked 
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kinase (ILK), FAK and Src, and interaction with the cortical F-actin 
cytoskeleton. Phosphorylation of focal adhesion components 
including FAK and paxillin occurs during VSMC migration, as does 
turnover of focal adhesion proteins by membrane-type metallopro-
teinases. Regulation of focal adhesion turnover is also intimately 
related to the microtubular network.

The final major event in cell migration is contraction of the cell 
body. Similar to contraction in differentiated cells, cell body con-
traction is initiated through calcium-mediated activation of MLCK 
and MLC phosphorylation following matrix interaction. RhoA and 
Rho kinase may also play a role because pharmacological inhibi-
tion of Rho kinase blocks migration of VSMCs.139 Current theory 
suggests that myosin II generates traction forces on the matrix, and 
the matrix in turn regulates myosin II activation.137

Much research remains to fully understand the mechanisms 
underlying VSMC migration, but the potential for identifying new 
targets for prevention of restenosis and plaque formation is obvious.

Inflammation
As noted earlier, VSMCs can assume an inflammatory phenotype 
that is found primarily in atherosclerotic lesions. These cells are 
found in the media of the vessel wall and express both markers 
of differentiation and inflammatory genes such as VCAM-1 and 
exhibit activated NF-κB signaling.140 One of the primary stimuli for 
development of this inflammatory phenotype is oxidized LDL, but 
ECs activated by disturbed flow also contribute to inflammatory 
changes in VSMC by secreting proinflammatory cytokines.14

Oxidized LDL and other cytokines like IL-1β and TNF-α stimu-
late VSMC expression of chemokines such as MCP-1, TNF-α, and 
 chemokine (C-X-C motif) ligand 1 (CXCL1), as well as adhesion 
molecules such as VCAM-1, ICAM-1, and CCR-2, the receptor for 
MCP-1. Because many of these molecules activate NF-κB, expo-
sure to one of them often induces the expression of others, result-
ing in propagation of a positive feedback signaling mechanism 
to enhance the local inflammatory response. The end result is 
recruitment and adhesion of T cells and monocytes to smooth 
muscle cells (SMCs) in the vessel wall.

Proinflammatory gene expression in VSMC, as in other cell 
types, is largely a consequence of posttranscriptional regulation 
of inflammatory gene expression by the stress-activated protein 
kinase p38MAPK and transcriptional regulation by proinflam-
matory transcription factors such as NF-κB and STAT1/3. Both of 
these pathways are activated by ROS, which have been shown to 
be increased in inflammatory regions of plaques as a result of 
macrophage infiltration as well as direct stimulation of VSMCs by 
cytokines. Stimulation of cytokine receptors activates p38MAPK, 
which controls proinflammatory protein levels by MAPKAPK-2 
mediated phosphorylation of adenylate uridylate–rich elements 
(AREs) binding proteins such as tristetraprolin (TTP), thus pro-
moting mRNA stability of TNF-α.141 Many other inflammatory gene 
mRNAs, including MCP-1, IL-1β, IL-8, intercellular adhesion mol-
ecule 1 (ICAM-1), and VCAM-1, also contain AREs. It should be 
noted that ARE binding proteins can both stabilize and destabi-
lize mRNA: HuR protects ARE-containing transcripts from degrada-
tion, but AUF1 destabilizes its targets. p38MAPK can also regulate 
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 inflammatory protein expression by translational  regulation via 
activation of MAPK signal-integrating kinase-1 (Mnk-1), which  
phosphorylates the translation initiation factor eIF-4E and 
enhances its affinity for the mRNA cap.142 Transcriptional regu-
lation of proinflammatory gene expression is largely a conse-
quence of activation of the NF-κB pathway. Commonly, the p65-p50 
heterodimer is the transactivating factor that binds to NF-κB-
containing elements to increase proinflammatory gene transcrip-
tion. Regulation of gene expression by STATs is a consequence 
of the canonical tyrosine kinase receptor activation of JAK, and 
subsequent phosphorylation of STAT followed by translocation to 
the nucleus.

Another major environmental factor that contributes to main-
tenance of the VSMC proinflammatory phenotype is the matrix 
milieu in which cells exist. In atherosclerotic plaques, VSMCs begin 
to secrete collagen I and collagen III, but also, as a result of NF-κB 
activation, express MMP-1, MMP-3, and MMP-9, which degrade colla-
gen fibrils to the monomeric form, thus promoting an inflammatory 
phenotype, as evidenced by an increase in VCAM-1 expression.75 A 
similar response is seen to osteopontin, which is also increased 
in atherosclerosis.143 The effects of these matrix proteins on VSMCs 
are mediated by binding to specific integrins, most likely α5β1 or 
αvβ3.14 The nonintegrin matrix receptor CD44, which binds to hyal-
uronic acid in the matrix, has also been implicated in the transition 
to the proinflammatory phenotype, as shown by its ability to stimu-
late VCAM-1 expression.144

Senescence, Apoptosis, and Autophagy
In response to aging and oxidative stress, cells that have accumu-
lated damaged organelles/proteins/DNA due to limitations in DNA 
repair or antioxidant mechanisms rely on two processes to avoid 
replication and passing the damage to daughter cells: permanently 
arresting the cell cycle (senescence), or programmed cell death, 
including apoptosis (self-killing) or autophagy (self-eating).145

Senescent cells are permanently arrested in the G1 phase of 
the cell cycle and exhibit specific senescence-associated mark-
ers such as β-galactosidase, heterochromatin foci, and accumula-
tion of lipofuscin granules. Unlike quiescent cells, senescent cells 
are not responsive to growth factors.146 Multiple stresses, including 
DNA-damaging radiation or chemicals, mitochondrial dysfunction, 
and oxidant stress, can invoke two types of senescence programs: 
stress-induced premature senescence (SIPS) and replicative senes-
cence associated with accelerated telomere uncapping or short-
ening.147 These diverse stimulatory pathways converge onto two 
effector pathways: the tumor suppressor protein p53 and the Rb 
pathways; p53 is normally targeted to proteasome-mediated deg-
radation by mouse double minute 2 MDM2). Mitogenic stress or 
DNA damage suppresses MDM2 activity, resulting in p53-mediated 
activation of the CDKI p21 and cell cycle arrest.145 In the second 
pathway, stress or damage activates Rb, which then binds to and 
inhibits E2F, a transcription factor required for the G1 phase/S 
phase transition to cell cycle progression (see Fig. 3-7). These two 
senescence pathways exhibit cross-talk at the level of p53 and can 
overlap death pathways. Senescent cells release degradative pro-
teases, growth factors, and  inflammatory cytokines, which impact  
on  neighboring cells.

In VSMCs, DNA damage caused by ROS (e.g., superoxide, hydro-
gen peroxide, hydroxyl radicals) incites rapid (within days) SIPS. 
There are increased levels of ROS in all diseased layers of an ath-
erosclerotic lesion, particularly in the plaque itself,147 and senes-
cent VSMCs have been identified in injured arteries and in the 
intima of atherosclerotic plaques.148

Many of the changes in senescent VSMCs are reminiscent of 
changes indicative in age-related vascular disease, implicating cel-
lular senescence in vascular pathologies.148 Therefore, a model 
for how senescence contributes to vascular disease emerges. 
Atherogenic stimuli such as Ang II initially stimulate proliferation, 
followed by mitogen-induced SIPS or replicative senescence via 
telomere uncapping. Inflammatory cytokine/chemokine release 

by senescent VSMCs results in ECM degradation. The decreased 
cellularity and increased inflammation contribute to plaque 
instability.148

Senescent VSMCs are also implicated in vascular calcification. 
They exhibit enhanced expression of osteoblastic genes such as 
alkaline phosphatase (ALP), type 1 collagen, and RUNX-2, while 
expression of matrix Gla protein (MGP), an anticalcification factor, 
is down-regulated.149

Apoptosis, the controlled activation of proteases and hydro-
lases within an intact cell's plasma membrane boundary so that 
neighboring cells are not affected and an immune response is 
not triggered,150 is an important mechanism for blood  vessel 
remodeling during proliferative vascular disease and after thera-
peutic interventions (e.g., angioplasty/stenting of arteries, vein 
bypass graft surgery).151 Mitogens such as thrombin or PDGF can 
induce proliferative episodes in VSMCs within  atherosclerotic 
lesions (reviewed in152). Proliferation is counterbalanced by 
death-inducing VSMC apoptosis triggered by a variety of pro-
inflammatory mediators, cytokines, oxidized lipids, and free 
radicals produced by immune cells within the plaque. These 
proinflammatory mediators activate caspases, components 
of the extrinsic death receptor pathway (e.g., Fas/CD95 TRAIL 
[TNF-related apoptosis-inducing ligand]), and/or cause intrin-
sic  mitochondrial dysfunction in VSMCs under the control of Bcl 
family members (reviewed in153).

Interactions among mitogenic, apoptotic, and survival signals 
produce a variety of lesion characteristics and determine whether 
there is a fragile fibrous cap poised for rupture, a lipid-rich necrotic 
core, or a fibrotic and calcified core (reviewed in152). High percent-
ages of apoptotic VSMCs within atherosclerotic plaques are one of 
the major causes of plaque rupture due to decreased cellularity 
in the media and thinning of the fibrous cap. In addition, reduced 
phagocytotic clearance of apoptotic VSMCs, resulting in necrotic 
VSMCs, and low levels of VSMC apoptosis over extended periods 
of hyperlipidemia induce viable VSMC release of IL-6 and MCP-1 to 
produce chronic inflammation.154 Apoptotic VSMCs also generate 
thrombin, promoting coagulation.152

Vascular smooth muscle cell apoptosis has also been associ-
ated with other lesion characteristics including inflammation, 
calcification, thrombosis, and aneurysms (reviewed in156). In vivo, 
VSMC apoptosis causes release of cytokines and MCP-1,  recruiting 
 macrophages.  Vascular calcification has been associated with 
inorganic phosphate–induced VSMC apoptosis and subsequent 
generation of VSMC-derived matrix vesicles that serve as the nidus 
for calcification (reviewed in156). Statins restore the Gas6-mediated 
survival pathway and inhibit VSMC calcification by preventing 
apoptosis.

In addition to apoptosis, autophagy, a survival process by 
which the cell degrades its own components, such as damaged 
organelles or long-lived aberrant or aggregated proteins,145 con-
tributes to pathology in atherosclerotic plaques. Ultrastructural 
analysis of VSMCs in the fibrous cap of advanced plaques reveals 
characteristics of cells undergoing autophagic degradation.157 
Because autophagy is a survival mechanism and not a death path-
way,  VSMC autophagy in the fibrous cap may function in plaque 
 stability and protection from oxidative stress.157 If oxidative stress 
damages lysosomal membranes, lysosome/autophagic vacuole 
fusion is impaired and apoptosis ensues.

Stem/Progenitor Cells
The ability of stem cells to differentiate into a variety of cell types 
has led to research on the potential efficacy of using pluripotent 
embryonic stem cells as a source of VSMCs for regenerative cell-
based therapies and tissue engineering in injury/disease repair. 
Research on the role of putative resident adult stem cells in bone 
marrow and/or unipotent lineage committed VSMC progenitor 
cells within the circulating blood, vascular wall, or other  peripheral 
tissues in the development of the neointima in atherosclerotic 
lesions is also ongoing.158–161



40

CH 
3

Pluripotent embryonic stem cells (ESCs) form embryoid  bodies 
in vitro that contain isolated areas of contractile SMCs induced 
by endogenous TGF-β.162 Because undifferentiated ESCs have 
the potential to form teratocarcinomas, the ability to isolate pure 
populations of differentiated cells is essential for use of ESCs in 
tissue-engineering applications. An alternative method for tis-
sue regeneration is to reprogram somatic cells to resemble ESCs. 
Somatic cells can be induced to form pluripotent stem cells (iPS) 
by addition of defined factors such as Sox2, Oct4, KLF4, and c-myc 
(reviewed in163).

Multipotent adipose-derived mesenchymal stem cells (MSCs) 
are candidates for a VSMC source for tissue-engineered blood 
vessels because these MSCs can be easily obtained from human 
lipoaspirate, readily expanded in culture, and differentiated into 
contractile VSMC-like cells in culture media containing both TGF-β  
and BMP-4.164

Initial hypotheses for the origin of neointimal VSMCs pro-
posed that injury-induced growth factors and ECM proteolysis 
caused a VSMC phenotypic switch from a quiescent, contrac-
tile phenotype to a synthetic type, resulting in proliferation and 
migration of a small number of clonal or oligoclonal VSMCs from 
the underlying media into the intima where remodeling led to 
plaque formation and lumen occlusion. Subsequent evidence 
suggested that circulating bone marrow–derived SMC progeni-
tor cells may contribute to normal vascular injury repair and 
formation of the neointima in vascular lesions.2,158 However, the 
origin of intimal VSMCs from bone marrow–derived progenitor 
cells in the blood in response to injury or disease has been dis-
puted.165,166 In long-term studies of transplanted bone marrow 
cells into lethally irradiated mice with wire injury, the bone mar-
row–derived cells, initially found in high numbers in the neo-
intima, were not stable residents, and the few remaining after 
16 weeks did not exhibit definitive VSMC marker proteins cal-
ponin and SM MHC.  Additionally,  the adventitial layer of the wall 
serves as a niche for wall-derived MSCs and VSMC progenitor 
cells,161 including resident stem cell antigen-1 (Sca-1)-positive 
cells, maintained in the adventitia by Shh signaling and myocar-
din transcriptional corepressors, which are capable of differenti-
ating into VSMCs.167 This population of Sca1+ progenitor cells in 
the arterial adventitia could contribute to vessel wall remodel-
ing in injury/disease. The prevailing hypothesis is that neointimal 
VSMCs originate from the injured media and also from local resi-
dent progenitors in the adventitia.166

The nature of VSMC phenotype plasticity, exemplified in dis-
tinct genetic expression patterns of marker genes and thus in 
differential functions, complicates the definition and identifi-
cation of VSMCs derived from bone marrow resident and cir-
culating stem/progenitor cells.168 The safe and effective use of 
regenerative VSMCs in translational clinical therapy for car-
diovascular disease awaits further methodologies for identify-
ing, producing, and isolating cells that will differentiate into 
VSMCs.

Conclusions
The protean nature of VSMCs is fundamental not only to their 
contractile and synthetic functions within the normal vessel wall 
 during development and maturation, but also to vascular remodel-
ing in response to injury and disease. As evidenced in this chapter,  
recent advances in studies from animal models, the clinic, and 
basic cell biology laboratories have enhanced our understand-
ing of the factors, both intrinsic in the genetic code and extrinsic 
in environmental cues, that regulate and control VSMC plasticity. 
Future challenges include how to translate this understanding into 
developing clinically effective pharmacological interventions for 
treatment of cardiovascular disease and into producing functional 
tissue-engineered vascular constructs for diseased/injured vessel 
replacement.
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Varieties of Blood Vessels and Their 
Connective Tissue
The vascular system consists of a massive network of tubular 
channels that circulate blood to transport nutrients and oxygen 
to the tissues; blood vessels also serve as conduits for leukocytes 
that carry on immunological surveillance and need to move 
rapidly to sites of injury and inflammation. The vascular endo-
thelium and its specialized extracellular matrix (ECM), owing 
to their location between circulating blood and underlying tis-
sues, have evolved with unique structural and functional proper-
ties that ensure optimal tissue homeostasis. The elastic fibers and 
tensile forces–bearing networks of ECM that reside in the vessel 
wall maintain their histological integrity in the face of enormous 
mechanical load. Yet, the organization of the vessel walls allows 
leukocytes to move through them without any obvious leakage. 
The mechanical function of the vascular ECM has been recog-
nized for a long time. In recent years, compelling data have accu-
mulated to indicate that molecular components of ECM provide 
informational cues to the endothelial cells (ECs) and vascular 
smooth muscle cells (VSMCs) to regulate their proliferation, dif-
ferentiation, and death. Additionally, ECM can sequester a number 
of growth factors and cytokines, thereby modulating their spa-
tial and temporal actions to regulate disparate physiological and 
pathological responses of the vascular tissues.

The evolutionary transition from an open to a closed circula-
tory system is clearly reflected in the architecture of the blood ves-
sels.1,2 The size and anatomical organization of individual vessels 
vary with their specific locations and functions in the body. The 
major vessels that carry blood directly from the heart are capa-
ble of  storing and releasing large amounts of energy during the 
cardiac cycle. As a result, the walls of large arteries are relatively 
thick and more elastic to allow their expansion and contraction in 
response to the systolic and diastolic cycles of the heart. Without 
such elasticity, the intense surge in pressure as blood is ejected 
from the heart would inhibit its emptying, and the pressure in the 
vessels would fall too low for the heart to refill. The elasticity of 
large arteries enables them to store a portion of the stroke volume 
with each systole and discharge that volume with diastole. Thus, 
the unique structure of large arteries allows the flow of blood from 
the heart to be continuous, smooth, and efficient.

The smaller arteries are more rigid. Regulation of blood flow 
in small arteries is facilitated by the contractile activity of their 
smooth muscle cells (SMCs), which control the size of the vessel 
lumen, depending on the rate of blood flow in a given location. 
Capillaries contain only one layer of endothelial cells (ECs) with 
an underlying basement membrane. This thin-walled structure of 
capillaries permits rapid exchange of water, nutrients, and meta-
bolic products between blood and interstitial fluids. Capillaries 
deliver blood to the venous system at a much lower pressure. 
Consequently, veins and venules have thinner walls, less ECM, and 
a larger lumen than their arterial counterparts. They also have far 
fewer SMCs and are equipped with valves to prevent reversal of 
blood flow due to hydrostatic forces.

The walls of the large arteries contain three identifiable layers. The 
luminal surface of arteries contains a single layer of polygonal ECs 
connected by gap junctions. This cell layer rests on a basement mem-
brane, which in turn is supported by a network of elastic fibers in a 
fenestrated plate called the internal elastic lamina. This region of the 
wall is called the tunica intima. The middle layer, called the tunica 
media, represents the bulk of the vessel wall,  contains few elastic fibers 

but has a large number of VSMCs, with their long axes perpendicular  
to the lumen axis.3 Smooth muscle cells residing in the tunica media 
synthesize the major components of ECM that ultimately define the 
mechanical properties of the vessel. The extracellular space contains 
a variable mixture of collagen fibers in a continuous sheath adjacent 
to the elastic fibers. The external elastic lamina separates the medial 
and adventitial layers of the vessel wall. The outermost layer of the 
vessel wall, the tunica adventitia, consists primarily of collagen-rich 
ECM and the vasa vasorum, a network of vessels that supplies nutri-
ents and O

2 to the outer portion of arterial walls. Although the unique 
anatomy and high collagen content of the tunica adventitia help 
prevent arterial rupture at extremely high pressures, the adventitia is 
highly susceptible to vascular inflammation.

The walls of smaller arteries are intermediate in size. The 
tunica intima is relatively thin, as is the medial layer. The tunica  
adventitia of small arteries usually contains more densely packed 
collagen fibers arranged longitudinally along the vessel axis. 
Arterioles have simpler walls; their EC layer is surrounded by 
VSMCs, and the adventitia is smaller and more pliable compared 
with those of larger arteries.1,3 Capillaries adjoining the arterioles 
are surrounded by a few SMCs that control the amount of blood 
passing through them. The walls of arterial and venous capillaries 
are lined with flat ECs surrounded by a basement membrane; a 
discontinuous sheath of pericytes and a fibrous reticulum, made 
primarily of type III collagen, are attached to the basement mem-
brane. The walls of venules also contain a reticular network of 
collagen fibers derived from type III collagen, along with smaller 
quantities of type I collagen fibers.

Vascular Morphogenesis  
and Extracellular Matrix
Two distinct processes, vasculogenesis and angiogenesis, 
are involved in the formation of blood vessels in vertebrates. 
Vasculogenesis is de novo vessel formation that primarily 
occurs in the developing embryo. Conversely, angiogenesis is 
the process by which new vessels are sprouted from preexisting 
blood vessels throughout life. During early embryogenesis, ECs 
begin the process of vasculogenesis by forming a network of 
capillaries in the absence of blood flow. Following the onset of 
blood circulation, primitive capillary networks are transformed 
into arteries and veins to form the fully functional closed circu-
latory system in the developing fetus. For obvious reasons, the 
mechanisms of vasculogenesis and angiogenesis have received 
intense scrutiny in recent years. Although both vasculogenesis 
and angiogenesis are orchestrated by interactions among the 
ECs, hematopoietic cells, and VSMCs, the detailed molecular 
mechanisms involved in these processes are distinct.

The preceding overview underscores the striking structural and 
phenotypic diversity of different branches of the vascular tree. 
Therefore it is not surprising that the vascular ECM displays simi-
lar complexity depending on its location in the vasculature.2–5 This 
caveat notwithstanding, all vascular ECM is composed of fibrillar 
and nonfibrillar components. The fibrillar component of the vas-
cular connective tissue is mainly collagen, and a diversity of pro-
teins and proteoglycans (PGs) make up the rest. What follows is an 
overview of the structural and functional properties of the major 
macromolecules that characterize the vascular ECM. For a more 
detailed discussion of the individual classes of ECM macromole-
cules, astute readers will need to consult specialized reviews and 
critical  commentaries, a number of which are cited in the chapter.
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Collagens
Twenty-eight genetically distinct types of collagen comprising 43 
unique α chains have been identified in vertebrates (Table 4-1). 
The vast majority of these collagens exist in humans.6–9 Based on 
their domain organization and other structural features (Fig. 4-1), 
collagens may be categorized as (1) fibril-forming collagens repre-
sented by types I, II, III, V, XI, XXIV, and XXVII; (2) fibril-associated col-
lagens with interrupted triple helices (FACIT; e.g., IX, XII, XIV, XVI, XIX, 
XX, XXI, XXII, and XXVI collagens); (3) collagens capable of forming 
hexagonal network (e.g., VIII, X); (4) basement membrane colla-
gens represented by IV collagen; (5) collagens that assemble into 
beaded filaments (e.g., type VI); (6) anchoring fiber-forming col-
lagens (e.g., VII); (7) plasma membrane-spanning types XIII, XVII, 
XXIII, and XXV collagens; and (8) collagens with unique domain 
organization, represented by types XV and XVIII.

We should note that the nomenclature of proteins as colla-
gens and their classification into different types is somewhat 
arbitrary, since collagen fibrils invariably consist of more than 
one type of collagen. For instance, type I collagen fibrils con-
tain small amounts of type III, V, and XII; similarly, type II collagen 
fibrils contain significant amounts of collagen types IX and XI. 
Even more strikingly, types V and IX collagen are known to form 
hybrid fibrils. The discovery of collagens that have extensive non-
triple-helical domains and several proteins that contain triple-
helical domains, such as C1q, adiponectin, acetyl cholinesterase, 
and ectodysplasin (see Fig. 4-1), further challenge the notion of 
what constitutes a “true collagen” and how it should be classi-
fied. Although several collagen types are found in the vascula-
ture, collagen types I and III are the dominant constituents of the 
blood vessel wall.6,7,9 Collagen types II and X are excluded from 
our discussion because they are not relevant to the ECM of the 
vascular endothelium.

Fibrillar Collagens
The collagen molecule, the basic unit of collagen fibers, has an 
asymmetrical, rodlike structure composed of three polypeptide 
chains called a chains. Because of the Gly-X-Y repeating units 
and their stereochemistry, each α chain forms a minor helix 
(Fig. 4-2). Three α chains wind around a common axis to form a 
right-handed triple helix. In some collagens, all three α chains are 
identical, while in others two or three unique α chains form the 
triple-helical molecule. Type I and type III collagens are the most 
abundant collagens in the blood vessel and together form the stri-
ated fibrils. With the exception of types XXV and XXVII, fibrillar 
collagens form an uninterrupted triple-helical domain of approxi-
mately 300 nm. The type I collagen α chains contain 338 Gly-X-Y 
repeats, and there are 341 such triplets in type III α chains. At  
both the NH2 and COOH ends of each α chain are short segments 
of nonhelical sequences of approximately 15 to 20 amino acid resi-
dues, referred to as telopeptides.

Because of their similarities, type I and type III collagens are dis-
cussed together here. The type I collagen molecule is a heterotri-
mer of two identical α chains, α1(I), and a different α chain, α2(I), 
and has the chain structure [α1(I)]

2α2(I)]. The type III collagen 
molecule is formed by three identical α chains and has the chain 
structure [αI(III)]3. The helical domain of the α chain contains a 
repeating triplet sequence of [Gly-X-Y]n, where X and Y may be any 
amino acid but are most frequently proline or hydroxyproline. The 
amino acid residues in the Y position are nearly always hydrox-
ylated (4-hydroxyproline). The configuration of the amino acids 
forces the α chain to assume a left-handed helix, thus allowing 
α chains to form a right-handed supercoil with a one-amino-acid 
stagger between adjacent chains. The presence of glycine (without 
a bulky side chain) as every third amino acid is critical because it 
will occupy the center position within the triple helix. Substitution 
of any other amino acid for glycine in the Gly-X-Y leads to disrup-
tion of the triple helix.

The collagen triple helix is further stabilized by interchain 
hydrogen bonds contributed by hydroxyproline residues. Thus, 
the collagen molecule is a long cylindrical rod with dimen-
sions of 1.5 nm × 300 nm. Under physiological conditions of ionic 
strength, pH, and temperature, collagen molecules spontaneously 
aggregate into striated fibrils. Fibril formation occurs by lateral 
aggregation of collagen molecules, in which each neighboring 
row of molecules is displaced along its long axis by a distance of 
68 nm. In addition, within the same row, there is a gap of approxi-
mately 40 nm between the end of one molecule and the beginning 
of the next (see Figs. 4-1 and 4-2). The short nonhelical telopep-
tides at the NH2 and COOH ends of each α chain are located in 
the gap or hole zone of the fibril and are therefore accessible to 
enzymes that regulate collagen cross-linking.

Network-Forming Collagens
As shown in Figure 4-1, collagen types IV (α1-α6 chains), VI 
(α1-α5 chains), VIII (α1-α2 chains) and X are known to form 
networks in the ECM of basement membranes. The supramo-
lecular organization and function of type IV collagen has been 
extensively characterized. Six different α polypeptide chains of 
collagen IV are each encoded by an evolutionary conserved 
gene. The amino and carboxyl propeptides of type IV collagen 
remain as integral parts of the molecules when they are depos-
ited in the basement membrane. As a result, rather than forming 
a quarter-stagger, side-by-side alignment of individual mole-
cules, as seen in types I, II, and III collagens, type IV collagen α 
chains form chicken-wire structures by end-to-end associations 
stabilized by lysine-derived cross-linking and interchain disul-
fide bonds (Fig. 4-3). The α1(IV) and α2(IV) collagen chains 
are more closely related to each other than to α3(IV)1, α4(IV), 
α5(IV), and α6(VI); the latter share a high degree of sequence 
homology with each other. The amino terminal domains of 
α1(IV) and α2(IV) collagen chains are 143 and 167 amino 
acids, respectively; the NH

2-termini of the other four α chains 
are much smaller (ranging in size from 13 to 19 amino acids). 
Theoretically, all six α chains of type IV collagen may combine 
randomly to generate 56 unique triple-helical permutations. 
However, as shown in Figure 4-4, in vascular basement mem-
branes the most common composition of triple-helical fibrils is 
[α1(IV)1]2 α2(IV). The [α3(IV)1]2 α4(IV) and [α5(IV)1]2 α6(IV) 
are also  present in basement membrane.9,10

Organization of the type IV collagen genes is unusual. The 
COLA4A1 and COLA4A2 genes are paired head-to-head on the 
same chromosome and are transcribed in opposite directions. 
The pairs of COLA3A4 and COLA4A4 and COLA4A5 and COLA4A6 
genes are similarly arranged, except each pair is located on a different 
chromosome. Type IV collagen genes are very large, as exemplified 
by COLA4A1 and COLA4A5 genes that exceed 100 kb in size.

Type VI collagen, another network-forming molecule, is repre-
sented by six distinct α chains in the mouse and five α chains in 
humans; the gene encoding the putative α4(VI) collagen chain 
is not functional in humans. Heterotrimers of different α chains, 
encoded by unique genes, form the basic unit of type VI collagen. 
Alternate splicing of messenger ribonucleic acids (mRNAs) gener-
ates additional variants of α2 (VI) and α3 (VI) chains.7,9 The Gly-
X-Y domains of α chains of type VI collagen microfibrils are rather 
short (about 330 amino acid residues) and are flanked by a num-
ber of von Willebrand factor (vWF) A domains.

Type VI collagen forms relatively unusual aggregates by a step-
wise assembly into the triple-helical monomeric units that form 
dimers in an antiparallel fashion. The dimers in turn form tetra-
mers, held together by disulfide bonds, to create scissors-like struc-
tures. The supramolecular assemblies of type VI collagen, formed 
by end-to-end associations of tetramers, appear as beads on a 
string, as revealed by electron microscopy.9 These characteristic 
structures have been observed in vascular subendothelium and 
skeletal muscle basement membranes. Type VI collagen microfi-
brils exhibit unique adhesive properties to other ECM components, 
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TYPE α-CHAINS GENE # AMINO ACIDS TISSUE DISTRIBUTION

I α1(I)
α2(I)

COL1AI  
COL1A2

1464
1366

Most connective tissues, especially in bone, tendon, ligament

II α1(II) COL2A1 1487 Cartilage, vitreous humor, cornea

III α1(III) COL3A1 1466 Tissues containing collagen I, except bone and tendon

IV α1(IV) COL4A1 1669 Basement membranes (BM)
α2(IV) COL4A2 1712
α3(IV) COL4A3 1670
α4(IV) COL4A4 1690
α5(IV) COL4A5 1685
α6(IV) COL4A6 1691

V α1(V) COL5A1 1838 Tissues containing collagen I
α2(V) COL5A2 1499
α3(V) COL5A3 1745

VI α1(VI) COL6A1 1028 Most connective tissues
α2(VI) COL6A2 1019
α3(VI) COL6A3 3177
α4(VI) COL6A4 2611

VII α1(VII) COL7A1 2944 Anchoring fibrils

VIII α1(VIII) COL8A1 744 Many tissues
α2(VIII) COL8A2 703

IX α1(IX) COL9A1 921 Tissues containing collagen II
α2(IX) COL9A2 869
α3(IX) COL9A3

X α1(X) COL10A1 680 Hypertrophic cartilage

XI α1(XI) COL11A1 1806 Tissues containing collagen II
α2(XI) COL11A2 1736
α3(XI) COL11A3 1806

XII α1(XII) COL12A1 3063 Tissues containing collagen I

XIII α1(XIII) COL13A1 717 Many tissues

XIV α1(XIV) COL14A1 1796 Tissues containing collagen I

XV α1(XV) COL15A1 1388 Many tissues in the BM zone

XVI α1(XVI) COL16A1 1604 Many tissues

XVII α1(XVII) COL17A1 1497 Skin hemidesmosomes

XVIII α1(XVIII) COL18A1 1516 Many tissues in the BM zone

XIX α1(XIX) COL19A1 1142 Many tissues in the BM zone

XX

XXI α1(XXI) COL21A1 957 Fetal tissues and blood vessels

XXII α1(XXII) COL22A1 1626 BM of myotendinous junctions

XXIII α1(XXIII) COL23A1 540 Lung, kidney, brain, tumor cells

XXIV α1(XXIV) COL24A1 1714

XXV α1(XXV) COL25A1 654 Amyloid plaques

XXVI α1(XXVI) COL26A1 439 Testis and ovaries

XXVII α1(XXVII) COL27A1 1630 Early development of many tissues

XXVIII α1(XXVIII) COL28A1 1125 Dorsal root ganglia

TABLE 4-1 Collagen Types, Constituent α-Chains, and Their Genes*

*Adapted from Myllyharju J, Kivirikko KI: Collagens, modifying enzymes and their mutations from humans, flies and worms. Trends Genet 20:33–43, 2004; and Gordon MK, Hahn RK: Collagens. Cell 
Tissue Res 339:247–257, 2010.

such as other collagens, heparin, and vWF, and may be involved  
in the adhesion of platelets and SMCs. In the medial layer, type VI 
collagen facilitates interaction between SMCs and elastin by bridg-
ing the elastin fibers and cells.11

As illustrated in Figure 4-5 (see discussion in “Metalloprotein-
ases”), types VIII and X collagens comprise a unique subfamily 
of collagens that form hexagonal networks. These relatively short 

 collagens, containing noncollagenous domains on their NH2 and 
COOH termini, are collectively known as the multiplexin family of col-
lagens. Type VIII collagen is expressed in many tissues, especially in 
the endothelium, while type X is exclusively associated with hyper-
trophic chondrocytes during cartilage and bone development.  
The  preponderance of evidence to date indicates that the two 
α chains of collagen VIII, encoded by COL8A1 and COL8A2, 
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 assemble into homotrimers of α1(VIII) and α2(VIII) (Fig. 4-6). 
Hexagonal aggregates of type VIII collagen have been observed 
both in vivo (e. g., Descemet's membrane of the cornea) and 
in vitro with purified protein. It is believed that type VIII collagen is 
capable of assuming other forms of macromolecular aggregates, 
since hexagonal  lattices have yet to be observed in the subendo-
thelial ECM.9

Fibril-Associated Collagens with Interrupted 
Triple Helices
As the name suggests, the FACIT collagens (types IX, XII, XIV, XVI, 
XIX, XX, XXI, XXII, and XXVI) do not form fibrils themselves but 
associate with other fibril-forming collagens.9 Type IX collagen,  
the prototype of this group, is cross-linked to the surface of type II 
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FIGURE 4-1 Classification of superfamily of vertebrate collagens. Based on their primary structure, domain organization, and ability to form supramolecular 
assemblies, all currently known collagens may be divided into nine families. These include (A) fibril-forming collagens, (B) fibril-associated collagens with interrupted 
triple helices (FACIT collagens), located on the surface of collagen fibrils, and structurally related collagens, (C) collagens capable of forming hexagonal networks,  
(D) the family of type IV collagens located in the basement membranes, (E) type VI collagen that forms beaded filaments, (F) collagen that forms anchoring filaments 
of basement membranes, (G) collagens with transmembrane domains, and (H) the family of XV and XVIII collagens. The supramolecular organization of collagens 
in (G) and (H) are not known. Polypeptide chains found in the 27 collagen types, each consisting of three chains, are encoded by 42 unique genes (written in blue).  
A number of proteins possess collagenous domains (I) but are not considered to be bona fide collagens. The N- and C-terminal noncollagenous domains of these 
proteins are shown in dark pink, and noncollagenous domains  interrupting the collagen triple helix in light blue. For acetylcholinesterase, the catalytic domain (shown 
in green) and the tail domain are encoded by separate exons. GAG, glycosaminoglycan. (From Myllyharju J, Kivirikko KI: Collagens, modifying enzymes and their mutations 
in humans, flies and worms. Trends Genet 20:33–43, 2004.)
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 collagen fibrils in cartilage (see Fig. 4-1); type XII and type XIV 
 collagens are found in both cartilage and noncartilaginous tissues, 
where they are involved in controlling the diameter of collagen 
fibrils (see Fig. 4-1). The other FACIT-like collagens (e.g., types XVI, 
XIX, and XXII) are localized in specialized basement membranes. 
For instance, XVI collagen is associated with fibrillin 1 near the 
epidermal basement membrane. Collagen types XXI and XXII are 
closely related to each other in structure and are involved in for-
mation of supramolecular aggregates in the basement membranes 
of myotendinous junctions.12,13 As a key constituent of cutaneous 
basement membranes, anchoring fibrils of type VII collagen form 
a structural continuum between the dermis and epidermis of nor-
mal human skin. The vWF A–like domain in collagen VII binds to 
fibrils of type I collagen in vitro.14

Minor Collagen Types with Unique Structures
As illustrated in Figure 4-1, the transmembrane collagens (types 
XIII, XVII, XXIII, and XXV) contain a cytoplasmic domain, a 
 membrane-spanning hydrophobic domain, and extracellular triple- 
helical domains interspersed with noncollagenous domains; these 
collagens may also exist in a soluble form. Type XVII collagen is 
a unique member of this group that is expressed on the basal sur-
face of keratinocytes that bind to laminin found in the basement 
membrane; compared with the other three members of this group, 
type XVII has a rather large intracellular domain whose function 
remains unknown. Collagen types XIII, XXIII, and XXV are similar 

to each other in their primary structure, but the patterns of their 
expression appear to be unique. Type XXV collagen is enriched in 
the senile plaques of Alzheimer's disease brains.9,12,13,15 High expres-
sion of full-length collagen XXIII is found in the lungs, whereas its 
shed form is enriched in brain, suggesting that shedding of XXIII 
collagen occurs in a tissue-specific manner.

Collagen types XV and XVIII are highly pertinent to the EC 
biology in several ways.16,17 The full-length types XV and XVIII 
collagen are basement membrane components; their triple-heli-
cal domains share a high degree of homology. Collagen types XV 
and XVIII were initially identified as PG core proteins contain-
ing chondroitin sulfate and heparan sulfate (HS) side chains, 
respectively. The COOH-terminal domains of XV and XVIII col-
lagens can be cleaved to generate biologically active peptides, 
endostatin and restin, respectively; these peptides inhibit migra-
tion of ECs and thus potently block angiogenesis. In vitro, recom-
binant collagen XV binds to fibronectin (FN), laminin, and 
vitronectin (VN) but not to fibrillar collagens, fibril-associated 
collagens, or decorin.18

Finally, collagens XXVI and XXVIII are newly discovered colla-
gens that are unique both with regard to their structures and tis-
sue-specific distributions. The triple-helical domain of type XXVI 
is rather small, with only 146 Gly-X-Y repeats. Expression of type 
XXVI collagen occurs predominantly in testis and ovary. The von 
Willebrand factor–A domains flank the triple-helical structure of 
type XXVIII collagen that is almost exclusively expressed in the 
peripheral nerves.19,20
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Prolyl 3-hydroxylase
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FIGURE 4-2 An overview of the main steps involved in the synthesis of fibril-forming collagens. The α-polypeptide chains are synthesized on membrane-
bound ribosomes and secreted into the lumen of the endoplasmic reticulum (ER). The main steps in collagen biosynthesis are (i) cleavage of the signal peptide (not 
shown), (ii) hydroxylation of specific proline and lysine residues, (iii) glycosylation of certain asparagine residues in the C-peptide, and (iv) formation of intramolecular 
and intermolecular disulfide bonds. A nucleus for the assembly of the triple helix is formed in the C-terminal region after the C propeptides of three α-chains become 
registered with each other and ~100 proline residues in each α-chain have been hydroxylated to 4-hydroxyproline. The triple helix formation proceeds toward 
the N-terminus in a zipper-like fashion. Procollagen molecules are transported from the ER to Golgi, where they begin to associate laterally and exit the cell via 
secretory vesicles. This is followed by cleavage of N and C propeptides, spontaneous self-assembly of the collagen molecules into fibrils, and formation of cross-links.  
(From Myllyharju J, Kivirikko KI: Collagens, modifying enzymes and their mutations in humans, flies and worms. Trends Genet 20:33–43, 2004.)
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Regulation of Collagen Biosynthesis
Collagen chains are synthesized as prepro-α chains from which 
the hydrophobic leader sequence is removed prior to secre-
tion, and the pro-α chains are secreted into the extracellular 
space (see Fig. 4-2). The pro-α1(I) chain contains an NH2 pro-
peptide (N-peptide) and a COOH propeptide (C-peptide). The 
N-peptide consists of a 139-residue sequence that precedes a 
17-residue sequence of nonhelical telopeptide. This is followed 
by a 1014 amino acids-long Gly-X-Y helical sequence attached 
sequentially to a 26 residues-long COOH telopeptide and a 
262-residues-long nonhelical C-peptide. The domain organiza-
tion of pro-α2(I) and pro-α1(III) chains are similar except for 
minor variations in the number of amino acid residues.6,7,21

The genomic organization and chromosomal locations for 
genes that encode collagens have been studied. In humans, the 
genes encoding 43 distinct α chains are dispersed on at least 15 

chromosomes. Unlike majority of the collagen-encoding genes, the 
six homologous α-chains of type IV collagen are encoded by genes 
that are located in pairs with head-to-head orientation on chro-
mosomes 13 (COL4A1 and COL4A2), 2 (COL4A3 and COL4A4), 
and the X chromosome (COL4A5 and COL4A6). Interestingly, the 
promoters of these pairs of type IV collagens overlap, suggesting 
a coordinate regulation of the gene pairs. The precise molecu-
lar mechanisms of this regulation, however, remain incompletely 
known.6,7,9,21,22

The molecular events involved in procollagen biosynthesis, from 
transcription and splicing of mRNA to its transport and translation 
in the cytoplasm, are nearly identical to most other proteins syn-
thesized by eukaryotic cells. Regulation at the level of transcrip-
tion and mRNA turnover appears to be involved in the coordinated 
synthesis of two pro-α1(I) chains for every one of pro-α2(I) chain. 
Most cells that produce type I collagen also produce type III colla-
gen in variable amounts, depending on the specific type of tissue, 
its age, and the physiological and pathological situations.

The molecular mechanisms of regulation of biosynthesis of a 
number of collagens have been studied to varying degrees, both 
in physiological and pathological settings. Regulation of genes that 
encode α chains of type I collagen has been studied extensively 
and is briefly summarized. Transcriptional regulation of genes that 
generate fibrillar (COL1A1, COL1A2, COL3A1) and basement mem-
brane (e.g., COL4A1-6) collagens evidently involves both genomic 
and epigenomic (deoxyribonucleic acid [DNA] methylation and 
posttranslational modification of histones) mechanisms. Although 
collagen genes are predominantly regulated at the level of tran-
scription, a number of reports indicate that posttranscriptional reg-
ulation is also exerted under some conditions.

The cis-acting elements of COLA1 and COLA2 genes are mod-
ularly organized on either side of the transcription start point 
(TSP). The regulatory elements are distributed over a distance 
of 100 to 150 kb of genomic DNA, depending on the specific 
gene and the assays used to study their transcriptional and post-
transcriptional regulation. The tissue-specific and  inducible 
 activation of collagen genes involves complex interactions 
among the cis-acting modules of their promoters and enhanc-
ers. Promoters of COLA1 and COLA2 genes contain TATA boxes 
located 25 to 35 bp upstream of the TSP. Existence of a num-
ber of enhancer and repressor cis-elements around the TSP 
and in the first intron of COLA1 gene has been demonstrated.  
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FIGURE 4-3 A, Linear structures of human collagen IV α-chains. Six different 
genes encode collagen IV α-chains. Each polypeptide is composed of three 
distinct domains: a cysteine-rich N-terminal 7 S domain, a central triple-helical 
domain with multiple small interruptions (boxes), and a globular C-terminal 
noncollagenous NCl domain. The NCl and central triple-helical domains are of 
an equivalent size, whereas 7 S domains are shorter in the cases of α3, α4, α5, 
and α6 compared with α1 and α2. On the basis of sequence homology, type IV 
collagen α-chains can be divided in two groups: the α1-like (α1, α2, α5) and the 
α2-like (α2, α4, α6). B, Assembly of collagen IV α chains. Assembly of trimers is 
dependent on the association of NCl domains, followed by formation of triple-
helical structure and 7 S domains in a spider-shaped structure; the two trimers 
interact head-to-head through their NCl domains, forming a sheet structure. 
Several trimers can also lace together along their triple-helical domains, 
thickening the structure. (Adapted from Company of Biologists Ltd., Ortega N, 
Werb Z: New functional roles for noncollagenous domains of basement membrane 
collagens. J Cell Sci 115:4201, 2002.)

FIGURE 4-4 Localization of the a1∙a2 and a1∙a2∙a5∙a6 networks of 
type IV collagen in vascular basement membranes (BMs). Schematic 
diagram of a large artery (aorta) depicts its multilayered structure (right). 
Endothelial cells (En) rest on a subendothelial BM, which contains the α1∙α2(IV) 
collagen network (right). Smooth muscle cells (SMCs) in the media are 
surrounded by smooth muscle BM and are sandwiched between an internal and 
external elastic lamina (IEL and EEL, respectively). The α1∙α2 and α1∙α2∙α5∙α6 
networks of type IV collagen coexist in smooth muscle BM (right). (Adapted from 
Borza DB, Bondar O, Ninomya Y, et al: The NCl domain of collagen IV encodes a novel 
network composed of the alpha-1, alpha-2, alpha-5, and alpha-6 chains in smooth 
muscle basement membranes. J Biol Chem 276:28532, 2001.)
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A key role for CAAT-binding factor, Sp1, Sp3, Ap1, nuclear  factor 
(NF)-κB, and SMADs has been reported for several collagen 
genes; a number of orientation-dependent enhancer-like ele-
ments have also been documented.23,24

Fibrillar and nonfibrillar collagens found in subendothelial 
ECM are regulated by many cytokines and growth factors; colla-
gen gene expression in response to cytokines (e.g., transforming 
growth factor [TGF]-β, tumor necrosis factor [TNF]-α, interleukins 
[ILs]), glucocorticoids, estrogen, androgen, and retinoids has been 
reported. The signaling cascades initiated by intrinsic and exog-
enous regulators impinge on a distinct set of cis-acting elements 
that bind to constitutive and inducible transcription factors. The 
emerging theme from these studies is that various cis- and trans-
acting factors interact to recruit selective transcriptional coactiva-
tors and co-repressors in response to specific stimuli.23,24 However, 
the precise mechanisms that determine combinatorial interac-
tions under physiological and inflammatory conditions remain to 
be elucidated.

Following translation, pre-procollagen α chains are chaperoned 
from the endoplasmic reticulum (ER) to the Golgi. It has been 
reported that the heat shock protein-47 (Hsp47) functions as a 
collagen-specific chaperone; thus, hsp47 is presumed to provide a 
quality control mechanism needed for proper maturation of newly 
synthesized procollagen chains. To demonstrate a role of hsp47 
in vivo Nagai and coworkers25 inactivated Hsp47 gene by homol-
ogous recombination. The mutant embryos died in utero before 
11.5 days of postcoitus development as a result of severely reduced 
levels of mature type I collagen in their tissues.

As shown in Figure 4-2, fibrillar and nonfibrillar collagens also 
undergo a number of posttranslational modifications for proper 
maturation; these include proteolysis of signal peptides, hydrox-
ylation of key proline and lysine residues, glycosylation, and for-
mation of interchain and intrachain disulfide bridges.6,7,21 Thus, 
optimal biosynthesis and assembly of collagens depends on a 

number of key enzymes. These include three hydroxylases, two 
collagen-specific glycosyl transferases, two unique proteinases 
that cleave the NH

2- and COOH-termini, and a collagen-specific 
oxidase that is needed for cross-link formation. The posttrans-
lational processing of the procollagen molecules also needs a 
peptidyl proline cis-trans isomerase and a protein disulfide isom-
erase (PDI).

Vitamin C–dependent 4-prolyl hydroxylase, an α
2β2-tetramer 

located in the ER, plays a central role in collagen synthesis 
because 4-proline hydroxylation is obligatory for cross-link forma-
tion. In humans, there are three known isozymes of 4-prolyl hydrox-
ylases, each with a distinct α subunit, but all contain PDI as their 
β subunit. Hydroxylation of lysine is carried out by lysyl hydroxy-
lase, which also uses the same cofactors as prolyl hydroxylase and 
reacts only with a lysine residue in the Y position of the Gly-X-Y 
triplets. There are three known isozymes of lysyl hydroxylase in 
humans. The under-hydroxylation of procollagen leads to reduced 
secretion and rapid degradation. Deficiency of lysine hydroxylase 
is associated with skeletal deformities, tissue fragility, and vascular 
malformations.6,7,21

Several collagens undergo glycosylation; both galactose 
and glucose residues are attached to some hydroxylysine resi-
dues during pre-procollagen biosynthesis. The enzyme UDP 
galactose:hydroxylysine galactosyltransferase adds a galactose 
residue to the hydroxyl group of hydroxylysine. The UDP glu-
cose galactosyl:hydroxylysine glucosyltransferase then transfers 
a glucose residue to the hydroxylysine-linked galactose. The two 
enzymes act in sequence so that galactose is added first, with glu-
cose added only to galactose. Glycosylation occurs during nascent 
chain synthesis and before the formation of triple helices. Only two 
of seven hydroxylysine residues of α1(I), α2(I), and α1(III) contain 
the disaccharide; most of the hydroxylysine residues are glycosyl-
ated in other collagens. Glycosylation of some hydroxylysine resi-
dues imparts stability to the cross-link.
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FIGURE 4-5 Domain structure of matrix metalloproteinases (MMPs). The MMPs are multidomain enzymes that have a pro-domain, an enzymatic domain, 
a zinc-binding domain, and a hemopexin/vitronectin (VN)-like domain (except in MMP-7 and MMP-26). Additionally, membrane-type MMPs contain membrane 
anchor, with some membrane type (MT)-MMPs also possessing a cytoplasmic domain and a carboxyl terminus. Gelatinases contain a gelatin-binding domain with 
three fibronectin (FN)-like repeats. In particular, MMP-9 also contains a serine- threonine- and O-glycosylated domain. N-glycosylated sites, one of which is conserved 
in most MMPs, are denoted with a Y symbol. Part of the propeptide, which contains the chelating cysteine, and part of the zinc-binding domain with three histidines 
are indicated with one letter code for amino acids. (Adapted from Hu J, et al: Matrix metalloproteinase inhibitors as therapy for inflammatory and vascular disease. Nat Rev 
Drug Discov 6:480–498, 2007.)
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Assembly of procollagen chains into triple-helical molecules 
is directed by the COOH-terminal propeptide, with formation of 
interchain disulfide bonds (see Fig. 4-2). There is a high degree 
of structural conservation within the propeptide of fibrillar colla-
gens across species. Following its triple-helical assembly, the pro-
collagen molecule is secreted into the extracellular space. Once 
secreted, however, the NH2 and COOH propeptides are removed 
by the actions of N- and C-specific peptidases to yield the colla-
gen molecule. The two proteinases that remove the NH2 and COOH 
propeptides from the newly synthesized collagen are represented 
by three isozymes each. The C-specific peptidases, members of the 
tolloid family, also cleave a number of other ECM proteins, and frag-
ments of the propeptides can inhibit procollagen synthesis by a 
feedback mechanism.26,27

Extracellular Maturation of Collagens
During collagen fibril formation, lysyl oxidase catalyzes the oxi-
dative deamination of specific lysine or hydroxylysine residues 
in the NH2- or COOH-terminal telopeptides to yield allysine and 
 hydroxyallysine, respectively.28 These reactive aldehydes, being 
located in the hole zone of the fibril, are free to react with the 
ε-amino group of lysine or hydroxylysine residues on adjacent 
chains to form a Schiff base, which undergoes Amadori rear-
rangement to form ketoimine. With time, two ketoimine structures 
condense to form a trivalent cross-link, 4-hydroxy-pyridinium. All 
three types of cross-link may coexist in different fibrils.

A second type of cross-link seen in collagen originates from the 
condensation of two aldehydes in allysine or hydroxyallysine on 
adjacent chains. The resulting aldol condensate has a free alde-
hyde that reacts with other ε-amino groups of lysine or histidine, 
thus potentially linking three or four collagen chains.29 Once the 
aldehydes of allysine and hydroxyallysine are formed, subsequent 
aldamine and aldol condensation reactions proceed spontane-
ously. Thus, inter- and intramolecular cross-linking of fibrillar colla-
gens results in formation of insoluble macromolecular aggregates 
that possess high tensile strength.

Turnover of Collagen
Metabolic turnover of collagens in intact tissues during adulthood is 
extremely low. In contrast, a very rapid breakdown and synthesis of 
collagen takes place during tissue remodeling. In their native fibril-
lar state, collagens are quite resistant to the action of proteases, yet 
once their helical structure is disrupted, they are readily degraded 
by a number of proteases. The FACITs such as types IX, XII, and XIV 
and other collagens containing noncollagenous domains (e.g., 
type VI collagen) are relatively more susceptible to proteases. After  
cleavage of the nonhelical segments, the triple-helical domains of 
collagens denature at 37 °C and become susceptible to nonspe-
cific proteases. Additionally, a specific class of proteinases, the matrix 
metalloproteinases (MMPs), degrades collagens in vivo and in vitro 
(see later discussion). For example, MMPs cleave the native type I col-
lagen molecule at a single position within its triple helix, between 
amino acid residues 775 and 776, and the resulting collagen frag-
ments denature spontaneously at body temperature and pH and 
become highly susceptible to the actions of many other proteases.

Metalloproteinases
The structural and functional diversity of MMPs rivals that of the 
superfamily of collagens. The MMPs belong to a large family of 
zinc-dependent endopeptidases, the first of which was described 
nearly a half century ago. To date, the presence of 23 distinct MMPs 
has been reported in human tissues. Based on their cellular local-
ization, these enzymes can be broadly subdivided into secreted 
and membrane-bound MMPs. However, a more detailed analysis 
of their structural organization and substrate specificities indicates 
that MMPs may be better classified as collagenases, gelatinases, 
stromelysins, metrilysins, and membrane-type MMPs.30–33

The architectural blueprint of a prototype MMP consists of three 
subdomains: the Pro-domain, the catalytic domain, and the hemo-
pexin-like C-domain, connected to the catalytic domain via a short 
linker region (see Fig. 4-5). The catalytic domain of MMPs contains 
a Zn++ ion-binding amino acid sequence motif and a substrate- 
specific site. The prototypic MMP is synthesized as a pre-proen-
zyme and is maintained in latent conformation by the Pro-domain 
via interaction between a cysteine (located in the cysteine switch 
region of the Pro-domain) and Zn++ ion in the catalytic domain. 
Only when this interaction is disrupted, either by proteolysis of the 
Pro-domain or by a chemical modification of the cysteine, MMP 
becomes activated.32 A number of intracellular and extracellu-
lar proteinases, including other MMPs, are known to specifically 
degrade the Pro-domain to activate MMPs in vivo.

Although in vitro studies have identified numerous substrates 
for various MMPs (Table 4-2), the precise identities of their 
in vivo targets remain largely elusive. A number of macromol-
ecules associated with ECM of the endothelium are  potential 
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FIGURE 4-6 A, Linear structure of human collagen XV and XVIII α1 chains. The 
α1 chains of collagen XV and XVIII are structurally homologous; they comprise the 
multiplexin family on the basis of their central triple-helical domain with multiple 
long interruptions. They are also characterized by a long noncollagenous N-terminal 
domain–containing thrombospondin sequence motif, with two splicing variants in 
human collagen XVIII and long, noncollagenous, globular C-terminal domain or 
NCl domain. B, Functional subdomains of human NCl (XVIII) and protease cleavage 
sites. The NCl domain contains three functionally different subdomains: these 
domains consist of an N-terminal noncovalent domain involved in trimerization, a 
hinge domain containing multiple sites that are sensitive to different proteases, and 
an endostatin globular domain covering a fragment of 20 kD with antiangiogenic 
and antivessel sprouting activities. Numerous enzymes can generate fragments 
containing endostatin. Cathepsin L and elastase are the most efficient, but in 
contrast to matrix metalloproteinase (MMP) cleavage, which leads to accumulation 
of endostatin, cathepsins L and B degrade the molecule. (Adapted from Company of 
Biologists Ltd., Ortega N, Werb Z: New functional roles for non-collagenous domains of 
basement collagens. J Cell Sci 115:4201, 2002.)
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in vivo targets of MMPs. For example, MMP-1 (collagenase 1) 
readily degrades  collagen types I, II, and III, whereas MMP-8 
(collagenase 2) digests types I, III, IV, V, VII, X, and XI collagen. 
Similarly MMP-2 (gelatinase A) degrades types I, III, IV, V, VII, X, 
and XI collagens, whereas gelatinase B (MMP-9) can degrade 
collagen types IV, V, XI, and XIV preferentially. MMP-13 (collage-
nase 3) is also capable of degrading collagens that are preva-
lent in subendothelial ECM (types I, III, VI, IX, and XIV). Many 
collagenous and noncollagenous ECM components are readily 
degraded by stromelysin-1 (MMP-3) and stromelysin-2 (MMP-
10), whereas stromelysin-3 (MMP-11) does not degrade known 
collagens but readily breaks down laminin. Matrix metallopro-
teinases are also  capable of digesting a number of other con-
stituents of ECM, such as FN and elastin, and a variety of other 
cell- and ECM-associated molecules (see Table 4-2). The actions of 
some MMPs are likely to mediate highly regulated processing 
of ECM-bound pro-TGF-β and pro-IL-1.

Numerous studies have been undertaken to elucidate the 
molecular mechanisms by which the actions of MMPs are regu-
lated in the tissues under physiological and pathological condi-
tions.32 Two major mechanistic themes have emerged from these 
studies to explain the exquisite specificity of various MMPs. First, 
synthesis and localization of various pro-MMPs and their highly 
tissue- specific inhibitors (TIMPs) are regulated by autocrine and 
paracrine factors. Thus, cytokines such as IL-1 and TNF-α and a 
number of other circulating factors regulate expression of various 
MMPs at the transcriptional and posttranscriptional levels.

The second type of regulation of MMPs is exerted via the 
unique organization of their functional domains. As outlined ear-
lier, the Pro-domain plays a critical role in maintaining the MMPs 
in a latent state that is altered by a number of physiological and 
pathological stimuli. Similarly, the presence of three cysteine-rich 
repeats, akin to those found in FN (see later discussion) in gelati-
nase A and gelatinase B, determines their affinities for elastin and 
collagen. The domain organization of MMPs allows them to be 
regulated by TIMPs; these inhibitors reversibly bind to MMPs in 
a 1:1 stoichiometry and inhibit enzymatic activity.34 Tissue inhibi-
tors of MMPs, represented by four homologous proteins (TIMP1 to 
4), preferentially inhibit various MMPs.35,36 For example, whereas 
TIMP3 potently inhibits MMP-9, both TIMP2 and TIMP3 inhibit 
membrane-type 1 (MT1)-MMP. In contrast, TIMP1 is a very poor 
inhibitor of MT-3-MMP but a potent inhibitor of MMP-3.34

Concerted actions of various MMPs and their TIMPs regulate 
key events in the formation of blood vessels in the developing 
embryo, and the processes of neovasculogenesis and angiogene-
sis in the adult in response to injury and regeneration (Table 4-3). 
Formation of new blood vessels from existing vessels is dependent 
on extensive turnover of subendothelial ECM. This process enables 
migration of blood vessel–associated cells, liberation of angio-
genic factors sequestered in the ECM, and exposure of cryptic 
cell- regulatory domains found in the intact fibrillar and nonfibril-
lar components of connective tissue. Therefore, a crucial balance 
between MMPs and TIMPs is essential for maturation of newly 
formed blood vessels and ongoing maintenance of their structural 
integrity. These processes are known to play a critical role during 
embryogenesis; the formation of solid tumors and their acquisition 
of invasive, metastatic phenotype is also vitally dependent on the 
emergence of new blood vessels.37 MMP-2 binds to the αvβ3 inte-
grin and promotes angiogenesis and tumor growth.38 In contrast,  
the transmembrane MMP, MT1-MMP, cleaves αvβ3 integrin and 
enhances its affinity for its ligands containing arginine-glycine-
aspartic acid (RGD) sequences.

Elastin
Blood vessels are endowed with a high degree of elasticity, and 
subendothelial elastic fibers are responsible for the resilience 
of the vasculature to cycles of deformity and passive recoil dur-
ing diastole and systole, respectively. The elastic fiber consists of  
an insoluble core of polymerized tropoelastin surrounded by a 

mantle of microfibrils. A schematic representation of the modu-
lar organization of human tropoelastin is shown in Figure 4-7. 
The primary structure of tropoelastin consists of hydrophilic 
and hydrophobic domains; these may be further divided into 
subdomains based on the composition of their amino acid 
sequences (see Fig. 4-7). The mechanical properties of the elas-
tic fiber are similar to rubber (i.e., the degree of elongation 
without irreversible changes per unit force applied to unit cross-
sectional areas is high).

Organization of the elastic fibers has been studied by electron 
microscopic, biochemical, and genetic approaches, and a num-
ber of key insights have been gathered in recent years.3 Elastin is a 
major constituent of the elastic fiber and may contribute as much 
as 50% of the dry mass of large arteries.39 The elastic fibers begin to 
form at mid-gestation by deposition of tropoelastin, the soluble pre-
cursor of the cross-linked mature elastin, on a template of fibrillin-
rich microfibers. The cross-linked elastin contained in the  elastic 
fibers produced during late fetal and postnatal development gen-
erally lasts a lifetime.

MODEL EFFECTS

Aneurysm MMP-3−/− / ApoE−/− ↓ Aneurysm
MMP-9−/− ↓ Aneurysm
MMP-12−/− ↔ Aneurysm
Broad-range MMP inhibitor 

LDLR−/−
↓ Aneurysm

TIMP-1−/− / ApoE−/− ↑Aneurysm
TIMP-1 ↑ rat ↓ Aneurysm

Neointima 
formation

MMP-9 ↑rat ↑SMC migration ↓ matrix 
content

↑Luminal diameter
Broad-range MMP  

inhibitor
↓ Early and ↔ late neo-

intima formation
LDLR−/− Doxycycline, MMP 

inhibition rat
↓ Neointima formation

TIMP-1 ↑human vein ↓ Neointima formation
TIMP-2 ↑human vein ↓ Neointima formation
TIMP-3 ↑human and pig 

veins
↓ Neointima formation

MMP-9−/−, mouse carotid 
ligation

↓ Intimal hyperplasia,
↑ collagen content

Remodeling MMP-12 ↑ ↓ Luminal diameter
MMP inhibitor pig ↓ Constrictive remodeling

Atherosclerosis MMP-1 ↑/ ApoE−/− ↓ Plaque size ↓ collagen 
content

MMP-3−/− / ApoE−/− ↑ Plaque size ↑ collagen 
content

MMP-3 ↓ human, promoter 
polymorphism

↑Plaque progression

MMP-9 ↑ human, promoter 
polymorphism

↑Triple-vessel disease

MMP-9 ↑ human promoter 
polymorphism

↔ Coronary artery stenosis

Broad-range MMP inhibitor 
LDL−/−

↔ Plaque size

TIMP-1−/− / ApoE−/− ↓ Plaque size ↑ lipid core 
content

TIMP-1−/− / ApoE−/− ↔ Plaque size, medial rup-
ture, micro aneurysms

TIMP-1 ↑/ ApoE−/− ↓ Plaque size ↑ collagen 
content

TGF-β inhibition ApoE−/− ↑  Plaque vulnerability, intra-
plaque hemorrhage

TABLE 4-3  The Effect of Matrix Turnover on Vascular 
Pathologies*

MMP, matrix metalloproteinase; Apo, apolipoprotein; LDLR, LDL receptor; TIMP, tissue inhibitor 
of matrix metalloproteinase; SMC, smooth muscle cell; TGF, transforming growth factor;  
+/+, transgenic overexpressing mice; −/−, knock-out or homozygous deficient mice;  
↑, upregulation or increased; ↓, downregulated or decreased.
*Adapted from Heeneman S, Cleutjens JP, Faber BC, et al: The dynamic extracellular matrix: 
intervention strategies during heart failure and atherosclerosis. J Pathol 2003:516, 2003.
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Elastin has an amorphous appearance in the electron micro-
scope; microfibrils appear as 10- to 15-nm diameter filaments. 
The assembly of elastic fibers occurs via a stepwise process that 
includes formation of a scaffold of microfibrils that facilitate depo-
sition of tropoelastin monomers (Fig. 4-8), followed by extensive 
cross-linking to form the functional polymer.3,40,41 Tropoelastin is 
the soluble monomer of elastin that is one of the most apolar and 
insoluble proteins in nature. Although the glycine and proline con-
tent of elastin is similar to fibrillar collagens, elastin contains no 
hydroxyproline or hydroxylysine, and very small amounts of polar 
amino acids. Elucidation of the molecular organization of elastin 
has been difficult because of the technical problems in obtain-
ing large quantities of tropoelastin. Therefore, scientists have relied 
mainly on the structure of fragments of hydrolyzed soluble elastin 
and recombinant tropoelastin produced in bacteria.

As illustrated in Figure 4-7, human tropoelastin is encoded as 
a 72-kD polypeptide that is characterized by a series of tandem 
repeats. The tropoelastin amino acid sequence is divided into 
hydrophobic domains that are rich in nonpolar amino acids 
(glycine, valine, and proline) that typically occur as repeating 
units; these sequences alternate with hydrophilic domains that 
are enriched in lysine and alanine. In vitro, elastin undergoes a 
process of ordered self-aggregation called coacervation (align-
ing and concentrating the protein in unit spheres) prior to cross-
linking. Tropoelastin binds to cell surface glycosaminoglycans 
as well as to αvβ3 integrins.42 Although the sequential interac-
tions of tropoelastin with fibrillins and its associated molecules 
are poorly defined, it is thought that the process of elastic fiber 
assembly is initiated on the cell surface.43,44 This is caused by 
specific interactions of the individual hydrophobic domains of 
tropoelastin, since it has an intrinsic ability to organize into poly-
meric structures.39

In vivo, tropoelastin probably interacts with microfibrils prior 
to aggregation and becomes cross-linked by lysyl oxidase.40,41,45 
Soluble precursors of elastin are not found in extracts of nor-
mal tissues. This provides a clue as to the rapid formation of 
mature, highly cross-linked elastin fibers and the low rate of tro-
poelastin synthesis. In experimental conditions such as copper 
deficiency or lathyrism induced by β-aminopropionitrile, which 
inhibits lysyl oxidase activity and thus cross-link formation, a 
soluble 72 kD tropoelastin can be extracted from the aorta. Like 
collagens, newly synthesized tropoelastin undergoes posttrans-
lational modifications before its assembly into elastic fibers; in 
fact, the same lysyl oxidase reacts with both collagens and elas-
tin.46 In contrast to collagen, however, reduction of double bonds 
in the elastin cross-link occurs spontaneously, and the quantity 
of lysine involved in cross-linking is much larger in elastin than 
in collagen (see Fig. 4-8). Oxidative  deamination of lysine resi-
dues, followed by subsequent condensation reactions, creates 

the unusual  cross-links found in elastin. All of the cross-links in 
elastin are derived from lysyl residues through allysine (Fig. 4-9). 
However, the precise molecular reactions needed to form des-
mosine remain to be elucidated. Cross-linking in elastin occurs 
frequently, not only between peptide chains but also within 
the same polypeptide chain, producing intrapolypeptide links.  

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 36

Signal peptide

Hydrophobic domains

KA cross-linking domains

Domain 26A

KP cross-linking domains

Domain 36

FIGURE 4-7 Domain organization of human tropoelastin, containing all possible exons. The NH
2
-terminus of tropoelastin contains the signal peptide, 

whereas exon 36 encoded sequences with highly conserved two-cysteine residues and RKRK form the COOH-terminus. Hydrophilic cross-linking domains are 
further divided into KP- and KA-rich regions. Alternative splicing is a hallmark of tropoelastin biosynthesis; at least 11 human tropoelastin splice variants have been 
characterized, resulting from developmentally regulated alternative splicing of domains 22, 23, 24, 26A, 32, and 33 (highlighted in bold).

Dehydrolysinonorleucine

Allysinealdol

Dehydromerodesmosine

Desmosine

Isodesmosine

FIGURE 4-8 The structures of cross-links found in elastin. Desmosine 
and isodesmosine represent final products of lysine-derived cross-links.
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The cross-linking process is highly efficient, and it is unclear 
how the cross-linking sites in the monomer get aligned.

Genomic organization of the tropoelastin gene indicates that 
functionally distinct cross-linking and hydrophobic domains of 
tropoelastin may be encoded by distinct exons. Short segments 
rich in alanine and lysine are clustered to apparently delimit 
the cross-linked region. These amino acids are clustered in the 
α-helical configuration of tropoelastin, where each begins with 
tyrosine followed by Ala-Ala-Lys or Ala-Ala-Ala-Lys. In humans, sev-
eral distinct tropoelastin polypeptides may be generated by alter-
native splicing (see Fig. 4-7). Space-filling atomic models indicate 
that lysines separated by two or three alanyl residues in α-helical 
conformation protrude on the same side of the helix. Hence, the 
sequence Lys-Ala-Ala-Lys allows formation of dehydrolysinonor-
leucine, whereas the sequence Lys-Ala-Ala-Ala-Lys accommodates 
either aldol condensation or dehydrolysinonorleucine forma-
tion. Condensation of the two intrachain cross-links could result 
in the formation of the interchain desmosine cross-links. The 
alanine- and lysine-rich cross-linking segments are separated by 
large hydrophobic segments of 6 to 8 kD, which are in a β-spiral 
structure with elastomeric properties. Within the hydrophobic seg-
ments, a repeating pentapeptide (Pro-Gly-Val-Gly-Val) is present. A 
collagen-like sequence (Gly-Val-Pro-Gly) occurs quite frequently, 
which would explain the limited susceptibility of tropoelastin to 
bacterial collagenase (Pro-Gly-X-Y). The sequence Gly-X-Pro-Gly is 
recognized by the prolyl hydroxylase involved in the cross-linking 
of collagens (see earlier discussion).

Elastin Metabolism and Vascular Homeostasis
After deposition, tropoelastin production is strikingly reduced; the 
half-life of elastin in normal humans has been estimated in years. 
In the event of injury, production of elastin can be quickly initi-
ated. A number of growth factors and cytokines induce biosynthe-
sis of  tropoelastin. Under these conditions, a very specific set of 
 proteinases named elastases are responsible for elastin remodeling. 

Elastin fibers may be degraded by a number of MMPs, particularly 
MMP-2, -3, -9 and -12, that are present as latent enzymes under physi-
ological conditions but are activated following vessel wall injury.47 
The MMPs from neutrophils or macrophages are believed to 
degrade the elastin-rich ECM found in inflamed tissues. A hereditary 
defect in circulating elastase inhibitors is associated with a progres-
sive destruction of the elastin-rich alveolar wall, resulting in prema-
ture emphysema. Furthermore, experimental instillation of elastase 
into the lungs of animals causes destruction of the lung similar to 
that seen in patients with α1-proteinase inhibitor deficiency.

Mice with a disrupted elastin gene have provided important 
insights into the function of elastin protein. Heterozygous (elas-
tin+/− mice) had decreased arterial compliance and were hyperten-
sive. The homozygous elastin-null mice died young due to arterial 
obstruction caused by uncontrolled proliferation of smooth mus-
cle cells (SMCs).39,48 A direct link between occlusive  vascular dis-
eases and perturbation in the organization of the elastic fibers 
in the vessels has also been established.49 Mutations in the elas-
tin gene are associated with supravalvular aortic stenosis (SVAS) 
and Williams-Beuren's syndrome (WBS), pediatric  disorders 
 characterized by hemodynamic stress and loss of elasticity.49 
Furthermore, haploinsufficiency of elastin resulting from aberrant 
degradation of mutated protein in humans or ablation of the elas-
tin gene in transgenic mice caused intimal hyperplasia and thick-
ened arteries.40,45,50–52 Apparently, VSMCs, the primary producers of 
elastin, organized more cell layers to compensate for lost elasticity 
and biomechanical support in developing blood vessels of elastin 
haploinsufficient patients and transgenic mice.

Vascular smooth muscle cells from SVAS patients, WBS patients, 
and elastin−/− mice show increased rates of proliferation and chemo-
tactic migration, and reduced rates of elastin synthesis in vitro.50–52  
Exogenous supplementation of recombinant tropoelastin and 
α-elastin to these cultures reversed their phenotype. The elastin-
rich ECM serves as an autocrine regulator of VSMC; Karnik et al.53 
inserted elastin-coated stents in a porcine coronary injury model 
of restenosis and found that intimal thickness and arterial stenosis  

Terminal unique region
8-cysteine

EGF-like
cb EGF-like

Hybrid
Proline/glycine-rich

CN

Fibrillin

LTBP

Fibulin BMP

MAGP-1 MAGP-2

Perlecan

Elastin

Decorin Versican

N CN

A

B

FIGURE 4-9 A, Domain organization 
of fibrillin. All three fibrillins have 
a similar modular organization, with 
strong homologies with each other. 
Fibrillin-1 has a proline-rich region, 
whereas fibrillin-2 has a glycine-rich 
sequence; in contrast, fibrillin-3 has 
a region that is both proline- and 
glycine-rich. This region lies between 
the first 8-cysteine module and the 
fourth epidermal growth factor (EGF)-
like domain. B, Schematic of various 
ligands that bind to fibrillin to assemble 
microfibrils. Putative binding sites for 
various ligands are based on in vitro 
observations; association of various 
molecules with fibrillins is most likely 
regulated dynamically by physiological 
and pathological stimuli. BMP, bone 
morphogenetic protein; LTBP, latent 
transforming growth factor β-binding 
protein; MAGP, microfibril-associated 
glycoprotein. (Adapted from Ramirez F, 
Sakai LY: Biogenesis and function of fibrillin 
assemblies. Cell Tissue Res 339:71–82, 
2010.)
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were  significantly reduced. Although the identities of the specific 
receptors mediating elastin VSMC interactions and the signaling 
mechanisms underlying vascular remodeling remain obscure,54 
restoring elastin to an injured arterial wall is known to reduce 
obstructive vascular pathology.55,56 Inhibitors of MMPs have been 
shown to prevent degradation of elastic fibers after vascular injury 
and ameliorate neointimal thickening.47

Fibrillins and Other Microfibril-
Associated Proteins
Fibrillins, the major constituent of microfibers, are large glycopro-
teins that form loosely packed bundles in the tissues. The fibrillin 
superfamily also includes the structurally related latent TGF-β-
binding proteins (LTBP1, 2, 3, and 4) and fibulins.40,45,57 Fibrillins 
are represented by three homologous proteins: fibrillin-1, fibrillin-2,  
and fibrillin-3. All three fibrillins are approximately 350-kD gly-
coproteins that display similar modular organization (see 
Fig. 4-9) that consists of 46/47 epidermal growth factor (EGF)-
like domains (42/43 of these are calcium-binding type; cbEGF) 
interspersed with seven 8-cysteine-containing TGF-β-binding 
(TB) modules found in LTBPs. Additionally, fibrillins contain  
two hybrid domains composed of TB/8Cys and cbEGF-like 
sequences and NH

2- and COOH-termini with sequence homolo-
gies with respective segments of LTBPs and fibulins. The structural 
versatility of elastic fibers (e.g., concentric rings in arterial walls 
vs. parallel bundles in the ocular ligament that anchors the lens to 
the ciliary body) most probably reflects a selective use of different 
fibrillins in different locations. Importantly, the function of fibril-
lin-3 remains to be established, and thus the following narrative is 
restricted to fibrillin-1 and fibrillin-2.

Fibrillins are thought to organize into microfibrils in which indi-
vidual molecules are organized in a head-to-tail arrangement as well 
as sideways. The precise molecular architecture of fibrillins within 
the microfiber and how its elasticity is regulated are incompletely 
understood. The developmental role of fibrillins has become evi-
dent from studies in transgenic mice. Thus,  fibrillin-1-deficient mice 
display frequent dissecting aneurysm and die soon after birth.58,59 
This is in contrast to the vessels of fibrillin-2−/− mice that appear 
to be structurally and functionally normal. However, mice with  
haploinsufficiency of both fibrillin-1 and fibrillin-2 elicit variable 
phenotypes, although many die in utero. These studies indicate that 
fibrillin-1 and -2 play somewhat unique context-dependent instruc-
tive and mechanical roles in the developing vasculature. The four 
known LTBPs with multiple EGF-repeats of fibrillin-1 and fibrillin-2 
and their associated ligands (e.g., perlecan, elastin, fibulin) are 
mechanistically involved in the developmental actions of these ver-
satile ECM proteins.40,45,57

Fibrillin-rich microfibrils play a vital role in extracellular regu-
lation of TGF-βs and bone morphogenetic proteins (BMPs) by 
 modulating their storage, release, and activation in response to  
various stimuli.3,40,41,45,49,57 Apparently, LTBP1, 3, and 4 elicit functional 
redundancy and target the latent TGF-β to elastin-rich microfibrils; 
LTBP2 does not bind TGF-β but is highly expressed in response to 
arterial injury. Fibrillins appear to play a direct role in TGF-β sig-
naling, as revealed by fibrillin-1 knockout mice that were born 
with impaired lungs and emphysema, without measurable signs 
of inflammation. A detailed analysis of these animals revealed 
that aberrant TGF-β (Smad2/3) signaling in the developing lungs 
was responsible for the observed pulmonary phenotype.58,59 More 
recently, a role of fibrillin-1 mutations in the development of mitral 
valve prolapse and aortic aneurysm was also reported.

The microfibril-associated glycoproteins MAGP-1 and MAGP-2 are 
also believed to impart structural integrity to microfibrils.60,61 The 
expression profile of MAGP-1 in the aorta resembles that of  fibrillin-2; 
both are thought to be critical for embryonic and fetal development 
of the aorta. Additionally, PGs (e.g., biglycan, decorin, versican) are 
also associated with microfibrils and are believed to  facilitate their 
incorporation into surrounding ECM.3,40,41,45,49,57

Fibulins represent a family of ECM proteins with cbEGF-like 
domains and a distinctive COOH-terminal module.57 Seven fibulins 
have been identified since the discovery of the prototype, fibulin-1. 
The unique distribution of various fibulins suggests that their con-
tribution to the organization of various types of the elastic fibers  
may be tissue specific. Based on their length and domain orga-
nization, fibulins are classified into two groups. The short fibulins  
(fibulin-3, -4, -5, and -7) are elastogenic and contain tandem repeats 
of cbEGF. How various fibulins modify endothelial ECM has been 
investigated in vitro and in transgenic mice. Whereas fibulin-1 is 
located in the elastin core, fibulin-2 and -4 are found at the inter-
face between the central elastic core and the mantle of microfi-
brils. Fibulin-1 knockout mice have dysfunctional vasculature and 
die of spontaneous bleeding. Mice that lack a functional fibulin-4 
gene are also born with severe vascular defects.

The preceding description of microfibrils underscores the 
notion that the elastic fiber and its associated ECM are molecu-
lar integrators of extrinsic and intrinsic mechanical signals that 
impinge on TGF-β and BMP as focal points of tissue homeostasis. 
Therefore, it is mechanistically probable that diverse assemblies of 
fibrillin-associated molecules are involved in translating environ-
mental inputs into physiological and pathological responses of 
the endothelium. Suffice to say, however, that the molecular inter-
actions that regulate the putative extracellular inputs, as well as 
their corresponding responses both in time and space that medi-
ate remodeling the vasculature during embryogenesis and in the 
adult, remain to be elucidated.62

Fibronectin
Fibronectin is one of the best characterized molecules of the vas-
cular ECM.63,64 Evolutionary emergence of FN correlates with the 
appearance of EC lined vasculature in vertebrates.65 There is high 
degree of interspecies homology and conservation of domain 
organization of the FN gene across species.65,66 Fibronectin dynami-
cally partners with multiple macromolecules to promote adhesion 
and spreading of cells, trigger chemotaxis of leukocytes towards 
injured tissue, and facilitate nonimmune opsonization and phago-
cytosis of bacteria. Some biologically active modules of FN are nor-
mally cryptic and are only exposed under special circumstances. 
Crosstalk between FN and growth factor/cytokine-mediated sig-
nals modulates tissue repair and regeneration and is involved 
in anchorage-independent growth of cancer cells. Fibronectin is 
especially abundant in the ECM of the embryo, where it plays a cru-
cial role in phenotypic differentiation of vascular and nonvascular 
tissues. A functional FN gene is obligatory for development of the 
cardiovascular system.

Fibronectin Structure
In blood plasma, FN exists in a soluble state, synthesized and 
secreted by the liver, and is converted into an insoluble supramo-
lecular complex in the ECM. The soluble FN is made of two disul-
fide-linked monomers of similar or identical mass (220-255 kD).  
As shown in Figure 4-10, each FN monomer is a mosaic of  repeating 
modules termed type I, II, and III repeats that are 40, 60, and 90 
amino acids long, respectively.67,68 A cluster of 15 to 17 type III 
repeats (depending on alternative splicing) located in the middle 
of the molecule represents 90% of the FN monomer. In addition, 
there are 12 type I and 2 type II repeats in each monomer of FN. 
The type III repeats fold into nearly identical shapes despite hav-
ing only 20 to 40 amino acid sequence identity (see Fig. 4-10). The 
striking modular organization of the repeated peptide sequences 
in FN is reflected in the organization of its gene. The FN gene con-
sists of 47 exons spanning nearly 100 kb in the human genome 
and generates multiple alternatively spliced mRNAs.69–72 A single 
gene thus generates about 20 variants of FN protein that may be 
preferentially synthesized under various physiological and patho-
logical situations.68 Fibronectin monomers containing or lacking 
the extra domain A (EDA) or B (EDB) are particularly significant 



56

CH 
4

with regard to their biological functions. Plasma FN (soluble) lacks 
both EDA and EDB domains; in contrast, FN assembled into ECM 
contains variable mixtures of cellular FN with or without EDA and 
EDB domains (see Fig. 4-10).

Functional Domains of Fibronectin
Fibronectin is a multifunctional molecule with a series of spe-
cialized modules.67,68 Proteolysis of FN generates a number 
of fragments that bind to specific ligands. The NH2-terminal 
70-kD fragment of FN binds to a surprisingly large number of 
ECM ligands that include collagen, gelatin, fibrin, and heparin. 
The 70-kD FN also binds to some gram-positive bacteria (e.g., 
Staphylococcus aureus, Streptococcus pyogenes, Streptococcus 
pneumoniae) via the so-called microbial surface components 
recognizing adhesive matrix molecules (MSCRAMM). Thus lipo-
teichoic acid, M proteins, and several other bacterial adhesins 
anchored in the cell wall bind to FN and enhance opsonization 
and phagocytosis of bacteria.73 Gram-negative bacteria do not 
bind to FN.

THE COLLAGEN-BINDING DOMAIN

The collagen-binding domain of FN includes type I repeats 6 to 9 
and type II repeats 1 and 2.74,75 The first component of complement  
C1q, which contains a collagen-like structure, also binds FN.76 
Denatured collagen (gelatin) has a much greater affinity for FN. 
Several FN binding sites exist along the collagen α chain, including 
a high- affinity site in type I collagen in the amino acid sequence tar-
geted for cleavage by MMP-1 and MMP-2. It has been posited that the 
gelatin-binding domain of FN facilitates clearance of denatured col-
lagen from circulating plasma. However, since triple-helical domains 
of fibrillar collagens may be partially unwound at body temperature, 
such local unraveling of the triple helix facilitates FN binding to native 
collagen and modulates its interactions with other molecules.31,33

THE CELL-BINDING DOMAIN

Fibronectin binds to cell surfaces via specific heterodimeric 
receptors called integrins that initiate intracellular signal trans-
duction.68,77,78 Although FN binds to a number of integrins (e.g., 
α4β1, α5β1,αvβ3, αvβ1), most FN functions in vascular development 
may be mediated via α5β1 integrin.67 Studies in transgenic mice 
have demonstrated that specific ablation of α5 integrin causes 
the most severe defects in vessel formation. The mechanistic rela-
tionship between α5 integrin and FN is further highlighted by the 
observation that the vascular phenotypes of α5β1 integrin knock-
out and FN-ablated mice are extremely similar.79–81 The RGD site, 
located in the tenth type III repeat of FN, binds to α5β1 integrin, 
and this interaction is obligatory for intracellular signaling. The 
alternatively spliced variants of FN bind to other integrins. For 
example, a segment of EDA binds to α4β1 integrin, whereas a pep-
tide located in the IIICS segment can bind to both α5β1 and α4β7 
integrins.

Based on a number of in vitro assays, subdomains of FN, par-
ticularly EDA and EDB, have been ascribed many functions that 
include cellular adhesion, mitogenic signal transduction, dimer 
formation, matrix assembly, and regulation of cytokine-dependent 
secretion of MMPs.68,77,78 However, these studies must be inter-
preted with caution and need in vivo corroboration. This caveat 
is highlighted by the observation that mice engineered to express 
FN without either EDA- or EDB-encoding exons develop normally. 
Conversely, deletion of both EDA and EDB exons leads to severe 
cardiovascular anomalies and premature death.82,83

Incorporation of FN into insoluble ECM is a cell-mediated  
process that is obligatory for vasculogenesis. The NH2-terminal 
domain of soluble FN binds to the cell surface and is converted 
into disulfide-linked polymers. Polymerization of FN occurs at spe-
cialized surfaces of many cells, including SMCs and fibroblasts, and 
is coordinated by integrins.84 Since integrins α5β1, aIIbβ3, or αvβ3 can 
polymerize FN and incorporate it into larger ECM aggregates, differ-
ent integrins appear to be functionally redundant.64

FIGURE 4-10 Primary structure 
of fibronectin (FN) and its modular 
organization. Hypothetical scheme 
represents an FN dimer with various 
sequence modules. A, Different 
types of homologous domains 
(12 type I, 2 type II, and 15 type III) 
are shown. Numbering of type III 
homologies excludes extra domain 
(ED)A and EDB domains. Types I, II, 
and III domains are made of 40, 60, 
and 90 amino acids, respectively. 
Constitutively expressed (RGD), 
alternatively spliced (LDV), synergy 
(PHSRN) and EDA (EDGIHEL) cell-
binding sites are indicated, together 
with integrin receptors to which they 
bind. EDA and EDB splicing is similar 
in all species, whereas the IIICS region 
is spliced in a species-specific (five 
variants in humans, three in rodents, 
and two in chickens) manner. Type 
III homologies are organized in 
seven antiparallel β strands. Spatial 
and planar representations of type 
III module are shown in B and C, 
respectively. (Adapted from White ES, 
Baralle FE, Muro AF: New insights into 
form and function of fibronectin splice 
variants. J Pathol 216:1–14, 2008.)
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THE HEPARIN-BINDING DOMAIN

The heparin-binding domain of FN is located at the NH2 terminus 
and overlaps the fibrin-binding site (see later discussion). Several 
 polyanionic molecules (e.g., heparin, heparan sulfate, dextran sul-
fate, DNA) bind to FN; this binding is specific, since other polyan-
ionic molecules (e.g., chondroitin sulfates, dermatan sulfate [DS]) 
do not. Some of these macromolecules bind to FN in a cooper-
ative  fashion. For example, the presence of heparan sulfate or 
hyaluronic acid enhances the association between FN and gela-
tin. Similarly, FN causes  precipitation of type I or type III collagens, 
but only in the presence of heparin. Such cooperative binding of 
diverse ligands to various modules of FN is likely to facilitate its 
incorporation into a  tissue-selective ECM in vivo.68

THE FIBRIN-BINDING DOMAINS AND CLOTTING

The highly organized architecture of blood vessels and their cel-
lular elements are perturbed by persistent hypertension, athero-
sclerosis, and other vascular pathologies. At these putative sites 
of injury, thrombus formation is invariably initiated by platelets. 
Fibronectin participates in blood coagulation and thrombosis.85–87 
The human FN monomer contains a fibrin-binding domain at its 
carboxyl end, and the complex of FN and fibrin is cross-linked 
by factor XIIIa. The integrin αIIbβ3 found on platelets is recognized 
by fibrin and FN. Under static conditions, FN binds to αIIbβ3, αvβ3, 
and α5β1 integrins on platelets; glycoprotein Ib on platelets also 
binds FN in vitro. The known interactions of various types of FN 
(e.g., plasma, cellular, basement membrane, α granule stored FN  
in platelets) with platelets and ECM macromolecules suggest that 
FN might engage in thrombus formation by both direct and indi-
rect mechanisms.85–87

Clot formation serves a dual function of restoration of vascu-
lar integrity and assembly of provisional ECM needed in the ini-
tial phase of remodeling and regeneration of injured tissues.88 
The provisional ECM assembled in a clot that is also enriched in 
growth promoting factors facilitates phenotypic transformation of 
fibroblasts into myofibroblasts. This is followed by deposition of 
a more permanent ECM that is primarily laid down by myofibro-
blasts. Thus, an optimal wound healing and repair is dependent 
on sequential maturation of the ECM. Somewhat similar cell-ECM 
interactions are believed to occur in atherosclerotic lesions, where 
VSMCs acquire a proliferative and highly synthetic phenotype not 
unlike that of myofibroblasts. Increased expression of EDA and 
EDB domain–containing FN is often associated with a phenotypic 
transformation of VSMC and transdifferentiation of fibroblasts into 
myofibroblasts. It is interesting to note that α

9β1 and α4β3 integrins 
that specifically recognize the EDA domain are present on ECs but 
absent on the surface of platelets.

Laminin
Laminins belong to an ancient family of glycoproteins that polym-
erize into cruciform structures that form the structural scaffold of all 
vascular basement membranes. Each laminin molecule is a trimer 
that consists of one α, one β, and one γ laminin chain. Individual 
polypeptide chains are joined via a long coiled coil to produce a 
molecule with one long arm and up to three short arms.89–91 The 
basement membranes of Hydra contain primordial laminin-like 
proteins, and there are at least four genes that encode laminins 
in Caenorhabditis elegans and Drosophila melanogaster. As shown 
in Figure 4-11, in mammals, there are five distinct α, three β, and 
three γ chains of laminin that are encoded by LAMA1-5, LAMB1-3,  
and LAMC1-3 genes, respectively.92,93 Thus, it is  theoretically possi-
ble to generate more than 45 different laminin trimers; at least 18 
distinct isoforms of mammalian laminins have been described to 
date.90 It is likely that additional isoforms of laminins remain to be 
discovered.

The process of trimer formation is not random and is likely to be 
tissue- and cell-specific. According to a recently adopted system 
of nomenclature,89 laminin isoforms are named according to their 

chain composition; for instance, LM-111 consists of α1, β1, and γ1 
chains, whereas laminin-511 is made of α5, β1, and γ1 chains. A sin-
gle type of chain may be incorporated into more than one laminin 
isoform; for example, laminin-411, laminin-421, and laminin-423 
laminins all contain α4 chain.

Various laminin α-chains show tissue-specific expression and 
are involved in formation of unique basement membranes at dif-
ferent locations in the body.94–96 Laminin-111 (α1β1γ1), the most 
abundant and best studied laminin, is highly expressed during 
embryogenesis; laminin-332 (α3β3γ2) and laminin-311 (α3β1γ1) 
are found preferentially in the basement membranes underly-
ing stratified epithelia of the skin. Basement membranes of the 
vascular endothelium are enriched in laminins containing α4 
or α5 chains.97 The basement membranes of most vessels con-
tain laminin-411 (α4β1γ1) and  laminin-421 (α4β2γ1). The laminin 
α5 chain is expressed by endothelium of the capillaries and 
venules that contain laminin-511 and laminin-521 in their base-
ment membranes.

All laminin chains share a common structure, with a tandem 
array of globular and rodlike domains that invariably fold into a 
cruciform shape, as seen in the prototype, laminin-111 (Fig. 4-12). 
The NH2-termini of all laminin chains contain globular domains 
(LG) separated by laminin EGF-like (LEa, LEb, LEc) motifs. The 
α chain also contains two additional globular domains named 
L4a and L4b. Similarly, the β and γ chains contain unique LF 
and L4 domains, respectively. The shaft of the cross is a helical 
coiled coil formed by one α, one β, and one γ chain of laminin 
(see Fig. 4-12). The five LG domains of the laminin α chain are 
attached at the base of the cross. The polymerization of laminin 
and its incorporation into the supramolecular scaffolds of base-
ment membranes is a cell surface receptor–mediated  process, 
a situation reminiscent of the supramolecular assembly of FN.
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FIGURE 4-11 Structural motifs found in various laminin subunits. The 
α, β, and γ chains of laminins consist of tandem arrays of globular and rodlike 
motifs. N-terminal and internal short-arm globular modules are indicated by 
ovals. The rodlike epidermal growth factor (EGF) repeats are shown as vertical 
rectangles. (Adapted from Durbeej M: Laminins. Cell Tissue Res 339:259–268, 2010.)
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As illustrated in Figure 4-12, various domains of laminin possess 
unique functional properties that include promotion of architec-
tural scaffolding, binding to cell surfaces via sulfated carbohy-
drates, or interacting with specific integrins and α-dystroglycan.90,91 
Thus, the LN domain, which is present in the α1, α2, α3B, α5, β1, β2,  
β3, γ1, and γ3 chains, is needed for self-assembly of laminins into tri-
mers that further aggregate into a large network to which additional 
ECM molecules bind. At least eight unique integrins (α1β1, α2β2, 
α3β1, α6β1, α6β4, α7β1, α9β1, and αvβ3) and four different types of 
syndecans bind to laminin.90,91 Similarly, the Lutheran blood group 
glycoprotein binds to laminins containing the α5 chain, whereas 
nidogen-1 and -2 bind to a specific region in the laminin γ1 and 
γ3 chains. Finally, the  HS PG agrin binds the central region of the 
coiled coil domain of laminin (see Fig. 4-12).

Intact laminin is specifically cleaved by a number of prote-
ases (e.g., furin, MT1-MMP, MMP-2, BMP1, plasmin). Controlled 
proteolysis may uniquely fragment laminin to release its 
 functional domains as well as uncover additional biologi-
cally active domains that remain cryptic in the intact molecule. 
Intact  laminin or its  proteolytic fragments can modulate adhe-
sion,  migration, and phenotypic differentiation of many cell 
types, hence  affecting  disparate physiological and pathological 

events.98,99 These actions of laminins are mediated via their ability 
to ligate cell surface receptors that trigger intracellular signaling 
pathways (see later discussion).

The biological functions of laminin isoforms have been deduced 
from in vitro studies as well as from transgenic mice in which 
one or both alleles of a particular laminin chain are mutated or 
deleted.96,100 Congenital ablation of laminin-111 and laminin-511 
leads to embryonal death in mice.90 Mice containing dysfunctional 
α4 or γ1 genes have defective kidneys, placenta, brain, lungs, and 
limbs. A number of mutations in the human LAMB2 gene are asso-
ciated with Pierson's syndrome, an autosomal recessive  disorder 
 characterized by ocular and renal defects.101 A deletion of the 
Lamb2 gene in mice resulted in renal and ocular defects remi-
niscent of the Pierson's syndrome.102 Even more significantly, the 
mutant phenotype in the transgenic mice could be rescued by 
exogenous expression of the laminin β2 chain.

Laminins are a key determinant of the structure and function 
of basement membranes and are therefore essential for optimal 
performance of the vascular tree.91,101 In addition to contributing to 
the formation of the blood vessels, laminins (1) impart structural 
and mechanical stability to mature blood vessels, (2) modulate the 
barrier function of vessel walls, and (3) act as mechanosensors 
of shear stress relayed by ECs. In the developing embryo, the cell-
attached scaffold of polymerized laminin nucleates the formation 
of basement membranes that acquire structural maturity, ligand 
diversity, and functional complexity as other ECM molecules (e.g., 
IV  collagen, PGs) are incorporated into the laminin scaffold.96

The barrier function of blood vessel walls is facilitated by lami-
nins that directly and indirectly regulate movement of charged 
macromolecules, leukocytes, and tumor cells through subendo-
thelial basement membranes.90,91,101,103 LM-411 was shown to facili-
tate extravasation of T cells, whereas their transmigration through 
the vessel wall was restricted by LM-511. Similarly, the growth of 
primary tumors and metastasis were accelerated in α4−/− mice 
that elicited defective angiogenesis (e.g., irregular growth of ves-
sel sprouts, dilated vessels). Signaling mechanisms induced by 
the α4 chain that binds to EC-specific integrins (α6β1 and α3β1) 
play a vital role in angiogenesis. It is therefore significant that not 
only intact laminin but also its subfragments may be functionally 
relevant for angiogenesis under physiological and pathological 
conditions. The COOH-terminal LG4-LG5 domains of α4 laminin 
inhibit EC migration and blood vessel sprouting in vitro. Mice lack-
ing α4 are born with widespread defects in their vasculature.104 
Expression of endothelial laminins is induced by proinflammatory 
cytokines that may promote transmigration of circulating leuko-
cytes and tumor cells.

Endothelial cells lining the luminal surfaces of blood cells are 
ideally located to act as mechanosensors of shear stress and relay 
this information to other compartments of the vessel wall. A lam-
inin network, in addition to providing a structural scaffold, links 
the basement membrane to the cell surface via integrins. Sensing 
and relaying of shear stress is mediated via focal adhesions formed 
by ECs on the subluminal side. Focal adhesions are formed by 
ECM-linked aggregated integrins whose cytoplasmic tails are con-
nected to the cytoskeleton. Enhanced shear stress promotes for-
mation of focal adhesions that activate specific signaling kinases 
such as focal adhesion kinase (FAK) that relay intracellular signals 
to induce gene expression needed for cellular response to exog-
enous stressors (see later discussion).

Proteoglycans
The amorphous ground substance in the interfibrillar milieu of sub-
endothelial ECM is composed mainly of PGs. With the exception  
of hyaluronan (HA), PGs consist of a protein core substituted with 
covalently linked glycosaminoglycan (GAG) chains of disaccha-
ride units in which one of the sugars is always an amino sugar 
(e.g., N-acetylglucosamine, N-acetylgalactosamine) the second 
sugar is usually a uronic acid (e.g., glucuronic acid, iduronic acid). 
Hyaluronan consists of an extremely long polysaccharide chain 
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FIGURE 4-12 Representative cruciform shape of laminin proteins; 
a, b, and g chains of laminin are shown in red, blue, and cyan colors, 
respectively. Rod-shaped and Y-shaped laminins are formed as a result of 
incorporation of truncated α3 and α4 and γ2 chains, respectively. Globular 
domains at the N-terminal end of chains are separated by laminin epidermal 
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the α-chain forms five globular LG domains, numbered 1-5. Binding sites for 
various molecules involved in the supramolecular assemblies of laminin-111 
and its integrin-binding modules are denoted. (Adapted from Agtmael TV, 
Bruckner-Tuderman L: Basement membranes and human disease. Cell Tissue Res 
339:167–188, 2010.)
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(containing up to 25,000 nonsulfated disaccharide units); it exists 
in most connective  tissues but is critical for optimal functioning of 
articular cartilage.

Glycosaminoglycan are linear chains of negatively charged poly-
saccharides that may be divided into (1) sulfated GAGs such as 
chondroitin-4 and -6 sulfates (CS), DS, HS, heparin, keratan sulfate 
(KS), and (2) nonsulfated GAGs represented by hyaluranan.105–107 
The repeating disaccharide unit of a GAG contains one sugar that is 
invariably a glucosamine or a galactosamine, and the other is either 
a glucuronic or an l-iduronic acid; KS contains a galactose in the 
place of the hexuronic acid. Hexosamine is, as a rule, N-acetylated 
except in HS, where it may be N-sulfated. The structures of the repeat-
ing units of GAGs are presented in Figure 4-13.

The uronic acid linkage in CS and HA is β1,3, and the analogous 
linkage in DS is α1,3 because of the presence of l-iduronic acid; the 
hexosaminidic linkage in all three GAGs is β1,4. The disaccharide 
unit of KS is β-galactosyl (1,4)-N-acetylglucosamine that is polym-
erized by a β1,3 glucosaminidic bond. The structure of HS con-
tains some disaccharide units composed of d-glucosamine and 
d-glucuronic acid and others of d-glucosamine and l-iduronic acid. 
The uronyl linkage in HS is α1,4 rather than β1,3, and the hexosa-
minidic linkage is α1,4 rather than β1,4. The glucosamine residues 
are partly N-sulfated as well as O-sulfated. Heparan sulfate is struc-
turally related to the anticoagulant heparin, which actually has a 
higher sulfate content than HS. The GAG chains range in molec-
ular weights from several thousand to several million daltons. All 
hexosamine residues are N-substituted with either acetyl or sulfate 
groups. In addition, most GAGs have ester O-sulfate on one or both 
sugars of the disaccharide unit.105–108

The superfamily of PGs consists of about 30 members that are 
subdivided into three classes: modular PGs, small leucine-rich PGs 
(SLRPs) and cell surface PGs. Modular PGs are further subdivided 
into hyalectans and non-HA-binding PGs (Table 4-4 and Fig. 4-14). A 
number of recent reviews105–109 may be consulted for more compre-
hensive structural and functional descriptions of various classes of 
PGs. Following is a brief outline of the major PGs, with an emphasis 
on their function in subendothelial ECM.

Modular Proteoglycans
Modular PGs consist of a heterogeneous group of highly glycosyl-
ated PGs characterized by a tripartite structure of their core pro-
teins. This group is further divided into two subfamilies represented 
by HA- and lectin-binding PGs, hyalectans and  non-HA-binding 
PGs.

Hyaluronan- and Lectin-Binding Proteoglycans
Four distinct PGs—versican, aggrecan, neurocan, and brevican—
constitute the hyalectan family of PGs.105–109 The tripartite organiza-
tion of their core proteins consists of the NH2- and COOH-terminal 

domains separated by a distinct central domain where GAGs are 
attached. The amino terminal domain of these PGs binds to HA 
and their carboxyl termini contain lectin-like domains, thus the 
name hyalectans (see Table 4-4). The central domain of hyalec-
tans contains variable numbers of GAG chains, ranging from 3 
seen in brevican to around 100 found in aggrecan. Versican, the 
largest member of the hyalectan family, may be considered a 
 prototype109,110 (see Fig. 4-14 and Table 4-4). Versican and other 
hyalectans are believed to connect lectin-containing proteins on 
the cell surface with HA in the intercellular space. Versican has 
an immunoglobulin (Ig)-like motif and two tandem HA-binding 
domains near the NH2-terminus; an EGF-like domain and a lectin- 
like motif are located near the COOH-terminus of versican. Four 
alternatively spliced versican isoforms (V0, V1, V2, and V3) are pref-
erentially expressed in different tissues. Versican binds to numer-
ous cell-associated and ECM molecules that include type I  
collagen, tenascin, fibulins, fibrillin-1, FN, selectins,  chemokines, 
CD-44, integrin β1, EGF, and Toll-like receptors.109–113

Aggrecan typically contains around 100 CS-enriched and 
30 KS-enriched GAGs that are covalently linked to about a 220-kD 
core protein (see Table 4-4). As the most abundant constituent 
of cartilage ECM, aggrecan is found in giant aggregates with link 
proteins and HA, and occupies a large hydrodynamic volume  
(2 × 10−12 cm3) that may be equivalent to a bacterium.108 The lectin 
modules of both versican and aggrecan can interact with  simple 
sugars found in glycoproteins; this binding is calcium  dependent.114 
Defective cartilage and shortened limb development have been 
demonstrated in mice, chickens, and humans that contain mutated 
aggrecan genes.115,116

Neurocan and brevican, with tripartite organization of core pro-
teins characteristic of hyalectans, are the most abundant PGs of 
this class in the central nervous system.117 Brevican is synthesized 
in the brain as a secreted full-length molecule, as well as a trun-
cated form that lacks the COOH-terminal domain. The short form 
of brevican is attached to the plasma membrane via a GPI anchor. 
Neurocan and brevican promote neuronal attachment and out-
growth of  neurites in developing neurons. Brevican activates EGF 
receptor (EGFR) signaling that results in enhanced expression of 
cell adhesion molecules such as FN. Highly aggressive central ner-
vous  system tumors elicit accelerated synthesis and proteolysis of 
 brevican and thus may promote tumor metastasis.

Non-Hyaluronan-Binding (Basement 
Membrane) Proteoglycans
Perlecan, agrin, and bamacan are usually present in the vascular 
and epithelial basement membranes of mammalian tissues.97,109 
Whereas the three GAG chains of perlecan and agrin consist pri-
marily of HS and CS, the three bamacan GAG chains contain only 
CS. The core protein of the human perlecan is about 470 kD in 
size and contains five well-defined domains (I through V) that 
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PROTEOGLYCAN GENE CHROMOSOME PROTEIN CORE (KD) GAG TYPE (NO. OF CHAINS)

BM Type
Perlecan HSPG2 1p36 400-467 HS/CS (3)
Agrin AGRN 1p32-pter 250 HS (3)
Bamacan 138 CS (3)

Hyalectans
Versican CSPG2 5q13.2 265-370 CS/DS (10-30)
Aggrecan AGC1 15q26 ~220 CS (~100)
Neurocan NCAN ~136 CS (3-7)
Brevican BCAN 1q25-q31 ~100 CS (1-3)

SLRPs
Decorin DCN 12q23 40 DS/CS (1)
Biglycan BGN X128 40 DS/CS (2)
Fibromodulin FMOD 1q32 42 KS (2-3)
Lumican LIM 12q21.3-22 38 KS (3-4)
Keratocan 38 KS (3-5)
PRELP PRELP 1q32 44 KS (2-3)
Osteoadherin 42 KS
Epiphycan ESPG3 12q21 35 Dermatan/chondroitin
Osteoglycin OG 35 KS

TABLE 4-4 General Characteristics of Major Proteoglycans*

*BM, basement membrane; GAG, glycosaminoglycan; SLRP, small leucine-rich proteoglycan; PRELP, prokine/arginine-rich end leucin-rich protein.
Adapted from Iozzo RV: Matrix proteoglycans: from molecular design to cellular function. Annu Rev Biochem 67:609, 1998.
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hyaluronan-binding, hyalectans (e.g., aggrecan, versican), and non-hyalectans (e.g., perlecan, agrin) of the basement membranes. The third group of cell surface PGs 
encompasses mainly the membrane-spanning syndecans (e.g., syndecan-4) and GPI-anchored glypican. Serglycin is an intracellular PG found in hematopoietic and 
endothelial cells (ECs). (From Schaefer L, Schaefer RM: Proteoglycans: from structural compounds to signaling molecules. Cell Tissue Res 339:237–246, 2010.)
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are mosaics of sequences found in other proteins. Thus, domain 
I of perlecan consists of three serine-glycine-asparagine triplets to 
which HS side chains are covalently attached, and an SEA mod-
ule (containing sperm protein, enterokinase, and agrin homology 
sequence). Domain II contains four low-density lipoprotein (LDL) 
receptor class-A repeats located next to IgG-like motifs. Three lam-
inin IV globular domains interspersed with nine laminin EGF-like 
motifs comprise the domain III of perlecan. Domain IV contains 
21 IgG-like motifs that share homology with neural cell adhesion 
molecules (N-CAM). Finally, domain V is made of three laminin G 
motifs separated by two sets of EGF-like repeats; the 85-kD COOH-
terminal fragment of perlecan called endorepellin is a potent anti-
angiogenic molecule.97,109,118

Agrin is a major PG of basement membranes of the renal glom-
erulus and nerve-muscle junctional synapses. Although the four-
domain structure of agrin, with three HS–rich GAG chains, resembles 
perlecan, there are critical structural differences between perlecan 
and agrin. The amino terminus of agrin is required for binding to 
laminin-111 as well as for secretion of the newly synthesized agrin. 
Agrin is essential to  aggregate  acetylcholine receptors at the neu-
romuscular synapse and  facilitates synaptogenesis during neuro-
muscular junction development. Although originally isolated from 
the Reichert membrane, CS-rich bamacan is found in variable 
amounts in most basement membranes.

In addition to imparting structural integrity to the basement 
membranes, PGs modulate cellular behavior because of their 
 ability to interact with a large number of molecules, as exem-
plified by perlecan.97,109,110,118 Although perlecan is embedded 
within the subendothelial basement membranes, it binds to 
fibroblast growth factor 2 (FGF-2), vascular endothelial growth 
factor (VEGF),  platelet-derived growth factor (PDGF), several 
cell surface molecules, and ECM proteins. Heparan sulfate GAGs 
of perlecan associate with FGF-2 and serve as its reservoir in 
blood vessel walls. During aortic morphogenesis, there is an 
inverse correlation between perlecan expression and smooth 
muscle proliferation in the rat. Perlecan interacts with α1β2 inte-
grin, an integrin that also binds to fibrillar collagens. Dynamic 
interactions of perlecan and fibrillar collagens with integrins 
potentiate atherosclerosis, angiogenesis, and carcinogenesis. 
Perlecan regulates the motility of ECs and transformed cells and 
promotes metastasis.119 Perlecan-null mice die in utero or shortly 
after birth.

Small Leucine-Rich Proteoglycans
Nine known members of this family of PGs, characterized by 
central leucine-rich domains and DS/KS GAG chains, are cur-
rently known.120 Based on their primary structures and evolu-
tionary relationships, SLRPs may be further divided into three 
subclasses (see Table 4-4). Members of the SLRP family have 
been121 implicated in diverse functions that include regulation of 
growth factor accessibility (e.g., TGF-β) and control of collagen 
fibrillogenesis.119 Presence of decorin, fibromodulin, or lumican 
retards  collagen fibrillogenesis in vitro.122–125 A reciprocal rela-
tionship between the amount of decorin and rate of collagen 
fibril growth in the developing tendon of the chicken was also 
demonstrated.126 The abnormal collagen fibril formation and 
reduced tensile strength of the skin seen in decorin knockout 
mice support a functional role for decorin in proper collagen 
fibrillogenesis.122

Decorin, a prototype of the SLRP, is organized into four discern-
ible domains.109 Core protein of decorin binds TGF-β1, -2, and -3 
with high affinity. Because the TGF-β/decorin complex is incapa-
ble of intracellular signaling, decorin is believed to facilitate depo-
sition of inactive TGF-βs at specific tissue locations. Perturbation of 
this interaction and activation of TGF-βs may occur in response to 
inflammatory reactions. Decorin itself has been shown to  regulate 
cell proliferation, and ectopic expression of  decorin could 

 suppress the growth of cancer cells. Decorin directly interacts 
with EGFR with a 1:1 stoichiometry; this interaction inactivates 
EGFR and its downstream signaling.127 Vascular ECs  undergoing 
cord formation that precedes angiogenesis in vitro synthesize 
decorin, whereas proliferating ECs showed enhanced synthesis of 
biglycan; these two structurally similar SLRPs appear to regulate 
EC phenotype in an opposite manner.

Cell Surface Proteoglycans
Two main classes of cell surface PGs are membrane-spanning  
syndecans and GPI-linked PGs represented by glypicans.109,128,129 
There are four members of the syndecan subfamily. Syndecan-4 
is distributed ubiquitously, but syndecan-1, -2, and -3 have more 
restricted tissue- or development-specific expression.128–130 For 
example, syndecan-1 is highly expressed in the developing embryo, 
and syndecan-3 is primarily enriched the neural tissue. Syndecans 
are involved in multiple signaling pathways to regulate cell pro-
liferation, adhesion, motility, and differentiation. The cell surface 
HS-enriched syndecans serve as co-receptors for FGF and EGF 
to facilitate their binding and signal transduction. Syndecan-1 is 
cleaved by MMPs, and the soluble ectodomain of syndecan pro-
motes tumor growth and invasiveness in vitro.121,131,132 Exogenous 
treatment of microvascular ECs with EGF and FGF leads to shed-
ding of syndecan-2 that in turn affects EC behavior.133

The subfamily of GPI-linked cell surface PGs includes six mem-
ber glypicans and a splicing variant of brevican that lacks the 
COOH-terminal lectin binding and EGF motifs. While most tissues 
express glypican-1, expression of glypican-3, -4, and -5 is restricted 
to the central nervous system. In contrast, glipican-2 is expressed 
abundantly in the embryo, whereas glypican-6 is found mainly in 
the heart, kidney, and intestine. Glypican-3, which inhibits hedge-
hog (Hh) signaling by competing for its receptor Patched, is up-
regulated in neuroblastoma and Wilms tumor. Glypican regulates 
binding and signaling of a number of other morphogens and 
growth factors that include Wnts, slit, FGFs, insulin-like growth 
factors (IGFs), and BMPs. The regulatory actions of glypicans on 
proliferation and  differentiation of cells appear to be context 
dependent.129,134,135

Biosynthesis of Proteoglycans
Biosynthesis of all PGs involves similar steps, the rate-lim-
iting step being translation of the core protein.119,136,137 
Following its synthesis, core protein undergoes covalent 
modification with GAG chains that begins with the link-
age of xylose to a specific serine(s). Proteoglycan synthe-
sis occurs in late ER and the Golgi with attachment of a 
xylose residue to the OH group of serine in the protein 
core.138 Linking of galactose to xylose is carried out by galac-
tosyl transferase. A second galactose is then transferred  
by a distinct galactosyl transferase that is followed by addi-
tion of the first glucuronic acid by UDP–glucuronic acid 
transferase. Growth of the GAG chain then occurs by alter-
nating transfer of  hexosamine and uronic acid residues. 
Thus, the UDP derivatives of N-acetylglucosamine and gluc-
uronic acid are precursors for HA, heparin, and HS; whereas 
N-acetylgalactosamine and glucuronic acid are precursors 
for CS and DS. After addition of the first sugar, elongation 
occurs by the same N-acetyl-hexosaminyltransferase and 
glucuronosyltransferase, regardless of which chain is being 
synthesized. The respective chains are variably modified by 
pathway-specific epimerization and sulfation reactions to 
yield  iduronic acid and sulfation.107,127

Nonspecific sulfotransferases transfer a sulfate group 
from 3-phosphoribosyl phosphoadenosine 5- phosphoribosyl 
 phosphosulfate to the appropriate site on the GAG. Because 
no partial sulfation occurs, it is believed the GAG may become 



62

CH 
4

attached to the particulate-bound sulfotransferases and  glycosyl 
 transferases and are completely sulfated before release. This 
N-sulfation is unique to heparin and HS; all other PGs contain 
an O-linked sulfate group. The synthesis of this N-sulfate linkage 
proceeds through the N-acetylglucosamine addition to the GAG 
chain, deacetylation, and replacement of the acetyl group by sul-
fate. Iduronic acid formation in heparin, HS, and DS takes place 
after polysaccharide synthesis by epimerization of glucuronic 
acid. Proteoglycan size is extremely heterogenous and mainly 
reflects Gag chain length.

Degradation of Proteoglycans
Compared to collagen and elastin, PGs have more rapid rates of 
turnover, with turnover of 2 to 10 days in younger animals.97,109,110,119 
Degradation of the PGs involves proteolysis of the core pro-
tein by MMPs, breakdown of the sugar chain, and desulfation 
of sugars. The dramatic loss of cartilage matrix that results from 
 experimental intravenous injection of papain illustrates the 
importance of the protein core to the structural integrity of PGs. 
Fibroblasts, macrophages, and neutrophils produce a variety 
of enzymes that can degrade PGs at neutral pH. Degradation of 
sugar chains occurs mainly in lysosomes. Perhaps the best char-
acterized GAG-degrading enzyme is testicular hyaluronidase, 
which degrades HA, CS, and DS to oligosaccharides. Other glyco-
sidases are required to complete the breakdown of oligosaccha-
rides to monosaccharides. Lysosomes contain glucuronidase and 
N-acetylhexosaminidases that remove the terminal glucuronic 
acid and hexosamine residues, respectively. Lysosomes also 
 contain β-xylosidase, β-galactosidase, and α-iduronidase, which 
complete the breakdown. Lysosomal  sulfatases are responsible for 
removal of sulfate groups from oligosaccharides. Inherited defects 
in the activity of various GAG-degrading enzymes cause muco-
polysaccharidoses, characterized by faulty catabolism of one or 
another type of GAGs.97,109,110,119

Subendothelial Extracellular Matrix  
as a Regulator of Cell Signaling
The central role of ECM, to endow blood vessels with the mechan-
ical ability to undergo repeated cycles of extension and passive 
recoil throughout the life of the organism, has been appreciated 
for nearly a century. However, in recent years we have also dis-
covered that ECM, beyond providing scaffolding for the vascular 
walls, has many effects on their cellular inhabitants. Thus ECs, 
pericytes, and VSMCs dynamically sense their physical (e.g., shear 
stress) and biochemical microenvironment and adjust cellular 
behavior accordingly.139–141 Numerous experimental observations 
indicate that ECM is a key component of this bidirectional com-
munication between cells and their microenvironment.142

Vascular cells actively synthesize and mold their ECM into 
unique configurations to ensure it optimal stiffness and deform-
ability; molecular constituents of the subendothelial ECM in 
turn profoundly modulate the adhesion, polarity, motility, survival, 
 proliferation, and differentiation of vascular cells. The fibrillar and 
nonfibrillar ECM interact with dozens of cell-associated and extra-
cellular molecules that alter the signaling repertoire of ECs, VSMCs, 
and platelets.139,143,144

The functional diversity of ECM emanates from the architec-
tural complexity of its molecular constituents, which have myr-
iad specifically folded domains, some uniquely juxtaposed in the 
basement membranes of the vascular tree. Subendothelial ECM, 
in addition to forming an adhesive scaffold via integrins that are 
capable of bi-directional intracellular signal transduction, serves 
as a reservoir of growth factors.78,145 The anchorage-dependent 
survival and growth of normal epithelial cells, ECs, and VSMCs 
depends on their adhesive interactions with ECM. When this 
adhesive normalcy is lost, cells acquire  anchorage-independent 

growth potential, a hallmark of  cancerous  transformation and 
metastasis.146 Thus, as highly organized solid-phase signal induc-
ers, ECM molecules can integrate numerous signals in the micro-
environment of the blood vessels to regulate their development, 
maturation, and homeostasis. The following is a brief summary 
of the mechanisms that underlie the dynamic two-way signaling 
between cells and their ECM.

Extracellular Matrix–Integrin Bi-Directional 
Signaling
Each of the many molecules found in the vascular ECM recog-
nizes a variety of cell surface proteins predominated by integ-
rins, a superfamily of heterodimeric transmembrane receptors 
(Fig. 4-15). Integrins are assembled by selective pairings of 18 
individual α and 8 unique β chains. Twenty-four integrin recep-
tors with distinct ligand selectivity, cell-specific expression, and 
signaling properties have been described in mammals.147,148 The 
extracellular segment of the α subunit of integrin consists of a 
β-propeller domain, an I-domain, and three Ig-like domains. The 
ectodomain of the integrin β subunit also has a modular organi-
zation, with two tandem I-domains, an Ig hybrid motif, a plexin-
semaphorin-integrin (PSI) domain, and four EGF-like domains. 
Integrins specifically bind to several ECM molecules, their sub-
fragments, and divalent cations. With respect to vasculature, ECs 
express integrins that specifically bind to collagen (α

1β1, α2β1, 
α10β1, and α11β1), FN (α4β1 and α4β1), and laminin (α3β1, α6β1, and 
α6β4). Based on a number of in vitro and in vivo observations, 
at least eight integrins (α117, α2β1, α3β1, α4β1, α5β1, α6β1, αvβ3, and 
αvβ5) have been implicated in the process of angiogenesis.149,150 
In contrast, leukocytes express a number of unique integrins on 
their surface that include α4β7, αLβ2, and αMβ2 integrins. We should 
note that the ligand selectivity of integrins is far from absolute, 
as exemplified by αvβ3, which binds to several RGD sequence–
containing proteins and peptides.147,148 The following discussion 
summarizes numerous observations that underscore the fact 
that integrins lie at a unique crossroads of extracellular microen-
vironment, cytoskeleton mechanics, and intracellular signaling 
networks to alter the behavior of vascular walls in health and 
disease (see Fig. 4-15).

Integrins are unusual proteins among the transmembrane recep-
tors, with an ability to relay signals in both directions.147,148,151 The 
intracellular changes induced by ECM-liganded integrins are 
referred to as outside-in signaling. Conversely, inside-out signaling 
occurs when intracellular biochemical changes trigger reorgani-
zation of the cytoskeleton, which alters the shape of the ectodo-
main of integrin and its affinity for the ligand. The ECM-liganded 
integrins are clustered as dot-like foci that sequentially evolve into 
focal adhesions, fibrillar adhesions, and finally into supramolecu-
lar three-dimensional adhesions. Such mass clustering of integrins 
into focal adhesions results in summation of numerous weak- 
affinity interactions of individual integrins into an adhesive unit 
with high affinity and high avidity.

Clustering and activation of integrins induce a number of 
characteristic biochemical and physical changes in the cells 
that are  collectively referred to as outside-in signal transduc-
tion.143,144,152 Since integrins themselves lack catalytic activ-
ity, they signal indirectly via a host of accessory proteins that 
assemble multi-protein platforms to recruit bona fide signaling 
catalysts into the focal adhesions. The assembly of bi-directional 
signaling complexes depends on interactions among a large 
number of integrin-binding proteins (e.g., talin), adapter mol-
ecules (e.g., vinculin, paxillin), and signaling enzymes (e.g., FAK, 
RhoA-kinase [ROCK], myosin phosphatase). It has been esti-
mated that the “integrin adhesome” consists of more than 150 
unique proteins; therefore it is conceivable that recruitment of 
unique sets of adapter and signaling molecules to focal adhe-
sions might be different under differing physiological and path-
ological conditions.153,154
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The inside-out signaling of integrins is best exemplified by their 
own activation, particularly on the surface of leukocytes, where 
integrins are normally present as inactive receptors.143,144,152 This 
mechanism enables the immune cells and platelets to circulate 
through the bloodstream without undesirable adherence to the 
vessels or causing premature thrombosis, respectively. The activa-
tion of T cells, neutrophils, and platelets can occur by integrin-
independent pathways (i.e., occupancy of the T-cell receptor by 
MHC-loaded antigenic peptides, ligation of selectins on the surface 
of neutrophils, and interaction between platelet glycoprotein IV 
and collagen. Such activation initiates a series of intracellular reac-
tions that lead to binding of kindlin and talin to intracellular tails 
of β-integrin and its conformation-dependent activation. As a con-
sequence, the affinity of integrin for its ligands is greatly enhanced, 
as is its signaling strength.

Integrin signaling is mainly propagated by kinases and phospha-
tases that, by dynamic phosphorylation and dephosphorylation, 
alter protein-protein interactions of their substrates and catalytic 
activities of signaling enzymes in focal adhesions.143,144,152,155 The 
major enzymes involved in this process include tyrosine kinase, 
FAK, protein kinase C (PKC; a serine/threonine kinase), a lipid 
kinase (PI3-kinase), and the receptor protein tyrosine phosphatase 
α (PTPα). Activation of integrin immediately initiates tyrosine phos-
phorylation of specific substrates that include the integrin β tails. 
Concomitantly, there is a surge in intracellular concentration of 
lipid second messengers, phosphatidylinositol-4,5-bisphosphates 
and phosphatidylinositol-3,4,5-trisphosphates, and a reorganiza-
tion of the cytoskeleton.

As shown in Figure 4-16, the characteristic physical link 
between integrins and cytoskeleton is initiated and maintained 
by integrin-bound proteins that also bind to actin (e.g., talin, 
filamin) in collaboration with other proteins that regulate the 
structure of  cytoskeleton indirectly (e.g., paxillin, FAK, kindlin).  
Additionally, the integrin-cytoskeleton linkage and signal 
propagation is critically dependent on actin-binding proteins  
(e.g., vinculin) and several signaling adapters (e.g., RhoA, Rac1, 

cdc42). Numerous biochemical and biophysical analyses have 
revealed that talin, vinculin, α-actinin, and integrin-linked kinase 
(ILK) are indispensable for bidirectional signaling of focal 
adhesions.143,144,152,155

Integrin activation leads to a sequence of biochemical and 
biophysical reactions that may be divided into three temporal 
phases. First, high-affinity ligand-integrin association leads to 
immediate activation of phosphatidylinositol 3-kinase (PI3K) 
and concomitant phosphorylation of several proteins. The sec-
ond stage of signaling, observable within half an hour, proceeds 
to activation of the Rho family of GTPases that are crucial for 
the architectural reshaping of the cytoskeleton. The final phase 
of signaling—executed over many hours— culminates in the 
nucleus, with  reprogramming of gene expression carried out by 
transcription factors and their coactivators.

The unique molecular composition of focal adhesions at differ-
ent locations in the vasculature is likely to affect signal strength 
and quality.77,78,154 The striking diversity of signal transduction cas-
cades documented in various cell types also involves crosstalk 
among the canonical and alternative signaling pathways (see 
Fig. 4-16). Finally, the growth factor microenvironment (see later 
discussion) greatly influences the mechanisms that control attach-
ment, polarity, and directional motility of vascular cells. Aberration 
of these signals leads to dramatic changes in the ability of cells to 
attach, polarize, and migrate, as well as their growth factor– and 
 anchorage-independent proliferation.

Signaling Triad of Extracellular Matrix, 
Integrin, and Growth Factors
Although the ECM-integrin signaling axis has been the focus of 
most investigations, it has become evident in recent years that 
subendothelial connective tissues make additional contributions 
to the bidirectional signaling of vascular and nonvascular cells. 
A number of growth factors and developmental morphogens are 
sequestered in the fibrillar and nonfibrillar constituents of ECM.  

Integrin
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Fibronectin

Proteoglycan

Collagen

Microfibril

Nidogen
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3 2
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Target genes
Nucleus

Signal cascade

FIGURE 4-15 Illustration of various 
components of extracellular matrix 
(ECM), their cell surface receptors, 
and major intracellular signaling 
molecules. Potential steps that may 
be exploited for pharmacotherapy 
include: (1) Blocking synthesis of ECM  
by blocking specific growth factors 
such as transforming growth factor 
beta (TGF-β), their receptor molecules, 
or intracellular signal transduction. 
(2) Blocking degradation of ECM by 
interfering with enzymes involved in 
its remodeling (e.g., matrix metal-
loproteinases (MMPs), ADAMTS, 
cathepsins) and/or their inhibitors 
(tissue inhibitor of MMP [TIMPs]). 
(3) Interfering with ECM signaling 
pathways (e.g., via integrins) either by 
blocking ECM and integrin interactions 
or subsequent signal transduction 
cascades. (4) Influencing transcription 
of specific ECM molecules (e.g., by 
siRNA). Please note that that purple rods 
in cytoplasm, marked as microfibrils, 
are in fact actin cytoskeleton intimately 
involved in intracellular signing by ECM. 
BM, basement membrane; PM, plasma 
membrane. (From Jarvelainnen H, Sainio A, 
Koulu M, et al: Extracellular matrix molecules: 
potential targets in pharmacotherapy. 
Pharmacol Rev 61:198–223, 2009.)
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Presumably, such ECM-bound factors have the potential to be 
released in a highly regulated manner in response to devel-
opmental cues or tissue injury and inflammation.78,145,146 
Furthermore, a number of ECM molecules serve as coreceptors 
for growth factors, as is the case for FGF and VEGF; both bind to 
heparin and HS chains of PGs that are needed for optimal ligand 
presentation and signal transduction. Proteoglycans modulate 
TGF-β signaling in a number of ways. Transforming growth factor 
beta binds to decorin in the ECM and in this state cannot bind 
to its cell surface receptors. Additionally, the binding of TGF-β to  
its signaling receptors is dependent on a plasma membrane-
bound PG (β-glycan) and the cell surface glycoprotein endoglin, 
both of which serve as co-receptors. Finally, some growth factors 
can independently activate a number of downstream effectors 
of integrin signaling (FAK, Src, PI3-K, MAPK); this is exemplified 
by synergistic modulation of ECM-integrin signaling by IGF-1 and 
PDGF (Fig. 4-17).

Comodulation of integrin and growth factor signaling has been 
documented for EGF, hepatocyte growth factor (HGF), IGF-1, and 
PDGF, both during early development of model organisms and 
in cell lines.156–162 Evidently, a trimolecular interaction among the 
BMP homolog DPP, its cell surface receptor, and type IV collagen is 
crucial for optimal relay of signals involved in morphogenesis of 
the dorso-ventral axis in Drosophila. A similar mechanistic interac-
tion of HGF with two other proteins has been reported. Apparently, 
fibronectin- or VN-bound HGF forms a trimolecular complex that 
contains (FN or VN)-HGF, c-Met (HGF receptor), and α

3β4 integrin.  
A functional role of these interactions was corroborated by show-
ing that ligand-independent activation of c-Met by cellular adhe-
sion plays a crucial role in the growth and invasive potential of 
epithelial cells in response to HGF. Finally, it has been reported that 
the downstream signaling evoked by the tyrosine kinase trans-
membrane glycoprotein EGFR was complemented by integrins; 
thus, EGFR was shown to laterally coaggregate with α

vβ3, α2β1, and 
α6β4 integrins.

As reviewed in a number of excellent publications,78,144 the 
crosstalk between growth factors and integrins involves a number 
of mechanisms (see Fig. 4-17). First, it involves integrin's ability to 
concentrate signaling adapters in close proximity of growth factor 
receptors to enhance their intracellular signaling ability. An addi-
tional mechanism of crosstalk may be dependent on lateral mass 
aggregation of integrins, a process posited to alter the location and/
or concentration of growth factor receptors on the cell surface. The 
observation that α

1β2 integrin and EGFRs were coaggregated at the 
foci of cell-cell contact bolsters such a mechanism. Furthermore, 
integrin-mediated adhesive interactions may alter the rate of 
internalization and degradation of some receptors (e.g., PDGFR). 

Conversely, integrin activation may lead to enhanced expression of 
some growth factors; thus, it was shown that increased biosynthesis 
of VEGF and IGF-2 occurred via the actions of α6β4 and α1β1A inte-
grins, respectively. These observations and many others are consis-
tent with the notion that bidirectional crosstalk between integrins 
and growth factors is highly relevant to cellular behavior and phe-
notype. However, the relative contribution of these two processes 
to bidirectional signaling remains controversial. Similarly, the hier-
archical relationship between integrin and growth factor signaling 
pathways remains to be sorted out.78,143,145

Vascular Extracellular Matrix and Platelet 
Interaction
Circulating platelets act as sentinels of vascular integrity and do 
not attach to vessel walls under normal conditions. However, upon 
injury of blood vessel walls, platelets rapidly adhere to ECM of the 
subendothelium and neointima (formed after repeated damage 
to vessel wall) and aggregate with each other at the site of injury. 
The adhesive interactions between subendothelial ECM and plate-
lets and thrombus formation have been extensively studied.86,163–165 
Binding and activation of platelets by the subendothelial ECM is 
modulated by hemodynamic stress, composition of the vascular 
tissue, and extent and depth of the lesion.

The fibrillar collagens, of which types I, III, IV, V, and VI are  
widely distributed in the vascular ECM, are key initiators of 
thrombosis in injured vessels.7,9,166 The hemostatic cascade 
begins when platelets adhere to the exposed subendothelial 
collagens via vWF, a large glycoprotein that is constitutively 
synthesized by ECs.86,87 The vWF both circulates in plasma as 
a soluble molecule and is stored in the α granules of plate-
lets. Endothelial or plasma vWF, which forms multimeric aggre-
gates, binds to collagen. It is believed that high hemodynamic 
stress causes local uncoiling of multimeric vWF, further facilitat-
ing its binding to platelet GPIbα and collagen.167,168 Additional 
interactions of collagen with α2β1 integrin and glycoprotein 
VI (GPVI) synergize the binding of platelets to vascular ECM. 
Although a pivotal role of collagens in thrombosis is borne out 
by numerous observations, the relative contributions of individ-
ual fibrillar collagens to this process appears to be highly con-
text dependent.86,87,169 This view is supported by the observation 
that platelets adhere to and are activated by types I-V collagens 
under relatively high and moderate hemodynamic stress. In con-
trast, binding and activation of platelets by type V-VIII collagens 
occurs at much lower shear stress, and type V collagen binds to 
platelets only under static conditions.
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FIGURE 4-16 General model of 
cell–extracellular matrix (ECM) 
adhesions and downstream 
signaling pathways. Cell-ECM 
adhesions containing clusters of 
integrins recruit cytoplasmic proteins 
(e.g., talin, paxillin, vinculin) and kinases 
(focal adhesion kinase [FAK], Src, and 
c-jun NH 2-terminal kinase [JNK]), which 
in cooperation with other cell surface 
receptors (growth factor receptors; 
see Fig. 4-17) control diverse cellular 
processes, functions, and phenotypes. 
Details of these interactions are 
described in text. ERK, extracellular 
signal regulated kinase; MEK, 
mitogen extracellular signal regulated 
kinase. (Adapted from Berrier AL,  
Yamada KM: Cell-matrix adhesion. J Cell 
Physiol 213:565–573, 2007.)



65

CH 
4

C
o

n
n

EC
T

iv
E T

issu
Es o

f T
H

E su
bEn

d
o

T
H

Eliu
m

 

Over the years, many platelet-associated proteins have been 
claimed as candidate collagen receptors.170–178 However, a care-
ful review of the literature would suggest that some of these 
claims reflect vagaries of different experimental models (in vivo 
vs. ex vivo), while others may have emanated from a lack of tech-
nical or interpretational rigor.87,166,169 Historically, the search for 
collagen receptors on platelets began with studies using purified 
type I and III collagens or their cyanogen bromide (CB) subfrag-
ments that were tested for their ability to bind and activate plate-
lets. These studies led to the discovery that purified native type 
I/III collagens and some of their CB fragments interacted with 
platelet integrin α

2β1. More recently, a series of overlapping triple-
helical peptides spanning human collagen types I and III have 
been systematically tested for their ability to bind and activate 
platelets.179–181 These elegant studies have unraveled discrete 
sequence motifs on types I and III collagen that interact with 
receptors on the surface of platelets and vWF. Based on these 
analyses, it has been surmised that type I collagen contains four 
α2β1 integrin-binding sites of varying affinities; apparently, simi-
lar sequence motifs are also conserved in type III collagen. The 
molecular interactions between high-affinity type I collagen tri-
ple-helical peptide and α2β1 integrin have been elucidated with 
precision. These and related studies have shown that fibrillar col-
lagens also interact with αIIbβ3, albeit indirectly. Finally, the use of 
well-defined triple-helical collagen peptides has led to the dis-
covery of amino acid sequence motifs in types I and III collagen 
that specifically bind to the platelet surface GPVI, as well as to 
vWF.86,87,180

How collagen-platelet interactions culminate in the formation 
of a thrombus has been investigated in considerable detail.86,87,180 
Under high shear stress, the obligatory first step is co-engagement of 
α2β1 integrin and vWF by collagens. Platelet proteins GPVI and GPIV 
(CD36) strengthen the initial encounter with collagen. Glycoprotein 
VI has a modular organization that is composed of 2 Ig domains, 

an O-linked glycosylated stalk, an intramembrane domain, and an 
intracellular tail. In platelets, GPVI exists in association with the FcR 
γ-chain, a transmembrane protein containing an immunoreceptor 
tyrosine activation motif (ITAM) motif. Interaction of platelets with 
collagen triggers phosphorylation of the FcR γ-chain and signaling 
that mimics signaling cascades associated with T-cell activation. The 
intracellular signaling is mainly driven by Ca++ mobilization that also 
occurs in response to other platelet- activating stimuli (e.g., throm-
bin, adenosine diphosphate [ADP]). The role of CD36 in thrombo-
sis is somewhat debatable in light of the observation that nearly 5% 
of Japanese lack functional CD36 protein in their platelets without 
overt complications of hemostasis.

Platelets also adhere to other components of ECM, particularly 
to FN and laminin, both of which are essential ECM components 
of the subendothelial connective tissues.86,87,182,183 Since the origi-
nal 1978 report of Hynes et al. supporting a role of FN in platelet 
adhesion, a number of apparently conflicting data have mud-
dled this issue.86,87,182,183 There is little doubt that platelets adhere 
to FN; platelets possess two integrin receptors that bind FN (i.e., 
α5β1, αIIbβ3). Depletion of FN from plasma reduced the ability of 
platelets for thrombus formation on fibrillar substratum or sub-
endothelium, and if FN was restored, interplatelet aggregation 
and activation was restored. The NH2-terminal 70-kD fragment of  
FN could be incorporated in the clot and was cross-linked to 
fibrin. Further bolstering a positive role of FN in thrombosis is  
the phenotype of mice with various gene knockouts. Thus, 
FN−/− mice were shown to elicit defective thrombus formation. 
Similarly, mice lacking both fibrinogen and vWF elicited throm-
bosis primarily driven by FN and other proteins at the sites of 
blood vessel injury. However, it was noted that FN-platelet inter-
actions were apparently too weak to withstand the normal shear 
stress. Based on these observations, it has been posited that FN 
plays a complementary role in  thrombus formation in the pres-
ence of fibrinogen and vWF.184,185

FIGURE 4-17 Regulation of growth 
factor receptor (GFR) signaling by 
integrins. Several mechanisms by which 
integrins might control GFR activity have 
been proposed. A, The first potential 
mechanism by which integrins control 
GFR activity involves recruitment of 
specific adapters (Shp2 and Gab1) to 
plasma membrane (left). Integrins are 
thought to recruit adapters to plasma 
membrane and concentrate them in 
close proximity to GFRs (right), thus 
enhancing their signaling. B, The second 
proposed mechanism is that integrins, 
upon close association with GFRs, 
change their subcellular localization of 
these receptors. Thus, coaggregation 
of integrins and GFRs in focal 
adhesions may alter the quality and/
or strength of downstream signaling 
cascades that culminate in altered 
gene expression. There are compelling 
data to suggest that an association 
between GFRs and integrins may also 
facilitate crosstalk between extracellular 
matrix (ECM) liganded integrin and 
GFRs. DNA, deoxyribonucleic acid; FAK, 
focal adhesion kinase; MAPK, mitogen-
activated protein kinase; MEK, mitogen 
extracellular signal regulated kinase; TF, 
transcription factor. (Adapted from Alam N, 
Goel HL, Zarif MJ, et al: The integrin–growth 
factor receptor duet. J Cell Physiol 213:649–
653, 2007.)
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These paradoxical observations on the role of FN in platelet acti-
vation may be reconciled in a model that suggests that the ultimate 
response of platelets may be determined by their initial encoun-
ter with different sets of ECM molecules in the endothelium. It is 
known that platelets can assemble a fibrillar network of FN from 
soluble FN. However, when platelets attach to vWF, it suppresses 
their ability to deposit FN. Under these conditions, aggregation and 
activation of platelets may be driven mainly by fibrinogen-α

IIbβ3 
integrin interaction. In contrast, if fibrin or collagen initiates adhe-
sion of platelets, they acquire a greater ability to convert plasma 
FN into supramolecular FN that gets incorporated it into thrombi. It 
follows then that aggregation and clustering of platelets via fibrin-
ogen or assembled FN may be regulated in a mutually exclusive 
manner.86,87

In the injured vessel wall, platelets are exposed to various forms 
of laminin; thus, laminin-411 and laminin-511 are present not only 
in the vascular ECM but also in platelets that contain  laminin-522. 
Laminins bind to platelets and thus may play a role in their adhe-
sion and activation. Despite the presence of laminin-binding 
integrin receptors on the platelet surface, the relative role of lam-
inin-mediated adhesion in thrombus formation remains to be 
more precisely delineated. Analogous to more nuanced regulation 
of FN-platelet interaction, where interplay among fibrinogen, vWF, 
and VN negatively regulate FN assembly, interactions among lam-
inin, fibrin, and collagen elicit an opposite effect on FN. Thus, it is 
not unreasonable to conclude that the precise  outcome of platelets’ 
encounter with the endothelium is highly context dependent.186,187

Finally, we should note that nonfibrillar constituents of the sub-
endothelium might also impinge on the function of platelets in 
a number of ways. For instance, heparin binds to serine protease 
inhibitors (SERPINS), antithrombin III, and heparin cofactor II and 
thus accelerates formation of the thrombin-antithrombin complex. 
Thrombin is a pivotal serine protease of the coagulation pathway, 
and it also exerts a positive feedback effect on its own  biogenesis 
by activating factors V and VIII. Inhibition of thrombin by GAGs is 
a key mechanism in the regulation of blood clotting.188–191 Platelets 
contain platelet factor 4 (PF4) in α granules, where it is stored in a 
complex with chondroitin-4-sulfate PG. When released, PF4 has the 
ability to neutralize the anticoagulant effects of heparin and hepa-
ran. The PG-PF4 complex is dissociated by conditions of high ionic 
strength and by GAGs. Based on these  interactions, it is conceivable 
that any HS– and DS–containing PGs present in blood vessel walls 
could serve to control deposition of PF4 locally by competitively 
 dissociating the PG-PF4 complex.

Perspectives
This brief discussion of the subendothelial connective tissues is 
intended to underscore their pivotal role in developmental pat-
terning of the vascular system, and maturation and maintenance of 
its functional integrity. Extracellular matrix molecules are involved 
in the regulation of adhesion, motility, growth, differentiation, and 
death of ECs, pericytes, and VSMCs. Such functional versatility of 
ECM is derived from the modular organization of its constituent 
molecules that contain assorted, independently folded, and evolu-
tionarily conserved sequence motifs. While some domains of the 
fibrillar and nonfibrillar proteins facilitate supramolecular assem-
blies that characterize ECM, others bind to cell adhesion receptors 
and growth factors and modulate intracellular signal transduc-
tion pathways. Thus, by acting as a solid-phase multivalent ligand 
and as a reservoir of growth factors, ECM can integrate numerous 
complex signaling pathways elicited by physiological and patho-
logical stimuli. Unsurprisingly, many genetic and acquired vascular 
diseases can be directly or indirectly linked to dysfunctional ECM 
molecules.

Consistent with their role in imparting mechanical integrity and 
tensile strength to blood vessels, a spectrum of recessive mutations 
in genes that encode fibrillar collagens and elastic fiber- associated 
proteins has been reported. Thus, haploinsufficiency of types 
I and III collagen have been associated with arterial aneurysms  

and Ehlers Danlos syndrome (EDS) type IV in patients. Ablation of 
type I collagen expression in mice led to death due to rupture of 
large vessels between day 12 and 14 of gestation. Although muta-
tions in type I collagen gene were mainly associated with osteo-
genesis imperfecta (OI), a number of OI patients were predisposed  
to dissection and rupturing of their aorta. Finally, Biswas et al. 
reported that a point mutation in the COL8A2 gene (encodes trans-
membrane collagen type VIII) was associated with two different 
types of endothelial dystrophy in the cornea.192 It is noteworthy 
that aberrant turnover of ECM as a result of mutations in MMPs or 
TIMPs also yielded vascular phenotypes in transgenic mice. Mice 
deficient in either MMP-2 or MMP-9 are resistant to CaCl2-induced 
formation of aneurysm; conversely, disruption of TIMP-1, an inhibi-
tor of MMP-9, leads to enhanced propensity of mice to develop 
aneurysms.

A direct role of FN and its receptor integrins in the development 
of blood vessels has been most clearly demonstrated by gene 
knockout studies in mice. Ablation of either FN or the α5 subunit of 
α

5β1 integrin (major FN receptor) led to defective vasculogenesis 
that resulted in embryonic and prenatal death. Similarly, the angio-
genesis response in adult mice was greatly blunted if these animals 
had haploinsufficiency of expression of either FN, α4β1, or α5β1 inte-
grin. The angiogenesis response was particularly compromised in 
mice expressing truncated FN lacking EDA and EDB modules, thus 
corroborating a vital role of the alternatively spliced form of FN 
(see earlier discussion).

Experimental ablation of various laminin α chains has been 
accomplished in mice. Consistent with their integral role in base-
ment membrane formation in many tissues and an apparent over-
lap in their functions, haploinsufficiency of a particular laminin 
results in diverse phenotypes. Thus, depending on laminin type, 
knockout may result in embryonic lethality (e.g., α3, β3, and γ2 
chains of laminin) in mice; alternatively, these animals develop 
renal, skin, or neuromuscular complications as they grow. Skin  
blistering seen in mice that lack the α3 or β3 laminin chain resem-
bles junctional epidermolysis bullosa seen in humans with analo-
gous mutations in laminin genes. Finally, mice that fail to express 
laminin-411, laminin-421, or laminin-511 do not die in utero but 
show aberrant development of blood vessels in various organs.

The complex structural and signaling defects caused by muta-
tions in an ECM molecule are most vividly illustrated by the  clinical 
manifestations in Marfan's syndrome patients. In such patients, 
mutations in fibrillin-1 and -2 genes have been associated with 
progressive aortic dissection, vascular aneurysms, and abnormally 
thick and elongated cardiac valve leaflets. It was noted that there 
was apparent breakdown and disarray of elastic fibers in  various 
 tissues of Marfan's syndrome patients. Accumulation of inflam-
matory cells and elaboration of MMP-2 and MMP-9 in the elastic 
tissues were also a common occurrence. Similar pathological find-
ings were also corroborated in Marfan's syndrome mouse models, 
where aortic walls showed aberrant elastic fibers coexisting with 
excessive ECM and enhanced expression of MMPs. For many years, 
these common pathological findings in patients and mouse mod-
els were interpreted as telltale signs of a structural deficit in the 
ECM caused by reduced levels of fibrillin. However, an astute set of 
observations made while studying the pulmonary pathology in a 
Marfan's syndrome mouse model led to the discovery that rather 
than playing a structural role, fibrillin-1 was needed for an oblig-
atory signaling step in lung morphogenesis. These investigations 
elucidated an important connection between the fibrillin-1 gene 
and TGF-β signaling. Evidently, insufficient sequestration of TGF-β in 
the lungs of fibrillin-1 deficient mice led to excessive action of this 
cytokine that was responsible for the pulmonary pathology. These 
elegant experiments followed by many others led to the conclu-
sion that TGF-β signaling was a key player in the multiorgan mani-
festations of Marfan's syndrome.

Maintenance of the functional integrity of blood vessels by ECM 
is fundamental for both human health and disease. Therefore, 
a comprehensive understanding of the vast array of biological 
 mechanisms impacted by the subendothelial ECM is indispensable 



67

CH 
4

C
o

n
n

EC
T

iv
E T

issu
Es o

f T
H

E su
bEn

d
o

T
H

Eliu
m

 
if we seek novel diagnoses and therapies for diseases caused by 
aberrant vascular ECM. This is a daunting goal in the face of the 
complexity and redundancy of signal transduction pathways elic-
ited by the subendothelial ECM. To achieve this objective, we will 
need to further refine the reductionist methods of the “one gene/
one disease” phenotype that have been extremely successful in the 
past. Such experimental and analytical maneuvers would enable us 
to rigorously evaluate the redundancies in genetic networks, and 
the consequential compensatory responses mounted by the organ-
ism in response to haploinsufficiency of a particular gene. Finally, 
a combined approach from bedside to bench and back would be 
highly desirable to attain these objectives.
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C H A P T E R  5  Normal Mechanisms of Vascular 
Hemostasis
Elisabeth M. Battinelli, Joseph Loscalzo

Hemostasis occurs in response to vessel injury. The clot is essen-
tial for both prevention of blood loss and initiation of the wound 
repair process. When there is a lesion present in the blood vessel, 
the response is rapid, highly regulated, and localized. If the pro-
cess is not balanced, abnormal bleeding or nonphysiological 
 thrombosis can result. In cardiovascular disease, formation of 
abnormal thrombus at the area of an atherosclerotic plaque results 
in significant morbidity and mortality. This chapter will focus on 
normal mechanisms of hemostasis, with specific attention to the 
role of the platelet in the process, the coagulation cascade, and 
fibrinolytic mechanisms as a basis for understanding how abnor-
malities in these processes can lead to thrombotic and hemor-
rhagic disorders.

Endothelial Function and Platelet 
Activation
Platelets are anucleate cells produced by megakaryocytes in the 
bone marrow. Once they have traversed from the bone marrow to 
the general circulation, their lifespan is approximately 10 days. They 
function mainly to limit hemorrhage after trauma resulting in vascu-
lar injury. Normally in the vasculature, platelets are in a resting state 
and only become activated after exposure to a stimulus leads to a 
shape change and release reaction that causes the platelet to export 
many of its biologically important proteins. Some of the agonists 
that can initiate this response include thromboxane A

2, adenosine 
diphosphate (ADP), thrombin, and serotonin. In areas of vascular 
injury, platelets are attracted to the impaired site by collagen through 
binding with von Willebrand factor (vWF) via the glycoprotein (GP)  
Ib/V/IX complex. This initial binding results in platelet activation, 
with a subsequent feedback mechanism in which ADP, thrombin, 
and thromboxane A

2 further activate the platelets and recruit addi-
tional platelets to the area. The complex firmly binds the platelet to 
the area of injury so there is no disruption by the high shear forces 
of turbulent blood flow that occur with vessel  disruption. This ampli-
fication of the response is essential to form a hemostatic plug and 
represents the first stage in the hemostatic process. When vWF is not 
present, hemostatic abnormalities result, with deficiencies leading 
to von Willebrand's disease, which can be associated with severe 
bleeding. Hemostasis issues also arise when the platelet receptor 
complex GPIb/V/IX is mutated, resulting in  inability of vWF to bind, 
a disorder termed Bernard-Soulier's syndrome.1,2

Additional platelet aggregation occurs through activation of G 
protein–coupled receptors (GPCRs), with the final pathway rely-
ing on the GP IIb/IIIa complex, the main receptor for platelet aggre-
gation and adhesion.3,4 Fibrinogen tethers GP IIb/IIIa complexes 
on different platelets, stabilizing the clot. The integral role of this 
receptor is manifest in Glanzmann thrombasthenia, a disorder in 
which fibrinogen binding is impaired, leading to spontaneously 
occurring mucocutaneous bleeding episodes.5

Vascular endothelium is essential to this hemostatic process; 
this is the cellular site where regulation and initiation of coagula-
tion begins. Endothelial cells (ECs) modulate vascular tone, gen-
erate mediators of inflammation, and provide a resistant surface 
that allows for platelets to experience laminar flow with minimal 
shear.  Endothelial cells regulate hemostasis by releasing a number 
of inhibitors of platelets and inflammation. Vascular endothelium is 
essential for regulating uncontrolled platelet activity through mech-
anisms of inhibition including the arachidonic  acid– prostacyclin 
pathway, l-arginine–nitric oxide pathway, and endothelial 
ectoadenosine diphosphatase (ecto-ADPase) pathway6 (Table 5-1).

Nitric oxide (NO) is produced constitutively by (ECs) via an 
endothelial isoform of nitric oxide synthase (eNOS) in a process 
dependent on conversion of l-arginine to l-citrulline. Vascular tone 
is regulated by NO as it controls smooth muscle cell (SMC) contrac-
tion. It also inhibits platelets directly, blocking  platelet  aggregation 
through stimulation of guanylyl cyclase and cyclic guanosine 
 monophosphate (cGMP) and inhibition of platelet phosphoinositol-
3-kinase (PI-3 kinase). Nitric oxide functions by  decreasing the intra-
cellular Ca2+ level through cGMP,  which inhibits the conformational 
change in GP IIb/IIIa suppressing fibrinogen's ability to bind to the 
receptor, thereby attenuating platelet aggregation.7

Prostacyclin, which is synthesized in the ECs from arachidonic 
acid through cyclooxygenase-1 or -2 (COX-1, COX-2)-dependent 
pathways, inhibits platelet function by increasing cyclic adenos-
ine monophosphate (cAMP). This is essential for aspirin's ability 
to diminish platelet function through acetylation of platelet COX1 
at serine 529.

The last pathway important in modulating vascular endothe-
lium's interaction with platelets is the endothelial ecto-ADPase 
pathway, which impairs ADP-mediated platelet activation. By 
 hydrolyzing ADP, this enzyme inhibits the critical state of plate-
let recruitment to a growing aggregate, thereby limiting throm-
bus formation. Once the platelet aggregate has been stabilized by 
fibrin with red cells to the vessel wall, the next stage of  hemostasis 
involves activation of the highly regulated coagulation cascade 
(Fig. 5-1).

Coagulation Cascade Leading to Fibrin 
Formation
Disruption in the endothelium not only recruits platelets for plug 
formation, it also stimulates activation of the coagulation cascade, 
which is essential for secondary clot formation through fibrin gen-
eration. The coagulation cascade is a dynamic integrated process 
in which each step is dependent on another step for activation of 
proenzymes or zymogens to their active forms through proteolytic 
cleavage. This process is dependent upon calcium and the phos-
pholipid bilayer allowing inactive clotting factors to be converted 
to active enzymes through serine protease activity. These coagula-
tion proteins function in a step-by-step fashion to activate down-
stream members of the cascade, leading to production of the 
penultimate clotting factor, thrombin. Thrombin is versatile, playing 
a role in many of the essential stages of hemostasis. Not only is it 
important for platelet activation, it is also necessary for the cross-
linking of fibrin. Recently there have been attempts to limit throm-
bus formation by directly inhibiting thrombin activity through 
anticoagulants such as ximelagatran and the oral medication, dab-
igatran, which is now available for clinical use.8

The clotting cascade is divided into two main pathways, the 
intrinsic and extrinsic pathways. The extrinsic pathway begins 
with establishment of a complex between tissue factor, found on 
the cell surface or on microparticles, and factor VIIa. This com-
plex leads to activation of factor X to Xa, which can then further 
the response by looping back and converting factor VII to VIIa 
in a feedback mechanism. When factor Xa is present, it binds 
to factor Va on the membrane surface and again generates pro-
thrombinase, which converts prothrombin to thrombin and then 
generates fibrin as detailed earlier. The activity of factor Xa is accel-
erated by the presence of factor Va through calcium and forma-
tion of a noncovalent association γ-carboxyglutamate residues of 
factor Xa and the phospholipid surface of activated platelets.9  
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The extrinsic pathway is measured by prothrombin time (PT), 
which is  determined by adding an  extrinsic substance such as tis-
sue factor or thromboplastin.10

The extrinsic pathway, which is dependent on tissue  factor, 
appears to be the main pathway responsible for hemostasis, with 
the intrinsic pathway playing a supporting role. Tissue  factor is a 
membrane-bound GP that is constitutively expressed by SMCs and 
fibroblasts but selectively expressed by ECs when there is vessel 
wall injury. The “encrypted” activated form of factor VIIa is made 
functional through a  conformational change that occurs at cyste-
ines 186 and 209,  leading to disulfide bond formation upon ves-
sel wall injury. Protein disulfide isomerase, glutathione, and NO all 

may have a role in these allosteric changes; however, recent stud-
ies have questioned the importance of “de-encryption” in this pro-
cess.11–14 Tissue factor functions through activation of factors X 
and IX after interactions with factor VII as a complex. Factor VII, 
although at low levels in an active state (factor VIIa) in the circula-
tion, only becomes biologically important after it is bound to tissue 
factor in complex with factors X and IX. This complex formation is 
essential for activation of thrombin.9

The role of tissue factor has recently been expanded. It circu-
lates in the blood in association with microvesicles that are derived 
from cellular membranes produced from lipid rafts on monocytes 
and macrophages.15 These tissue factor–bearing microvesicles can 
directly initiate the coagulation cascade on activated platelets in a 
process that may be important for understanding the hypercoagu-
lable state.16,17

Once thrombin is activated in the tissue factor X/IX/VIIa com-
plex, it initiates further activation within the coagulation cascade. 
In addition to activating platelets and factor V, it also activates fac-
tor VIII, which exists in the circulation in association with vWF. 
Activated factor VIII (factor VIIIa) works in a feedback loop with 
factor IXa to activate further factor X to Xa and thereby yield 
more thrombin to accelerate its own activation. Factors VIII and 
IX are essential in coagulation, as is evident in patients who suf-
fer deficiencies of these factors leading to hemophilia A and B, 
respectively. These disorders lead to severe bleeding due to loss of 
activation of factor X, leading to decreased thrombin formation. 
Another deficiency that is seen occurs when factor XI is mutated, 
resulting in a disorder associated with delayed bleeding in the 
postoperative setting. The importance of this coagulation cascade 
is highlighted by the severity of this disorder, suggesting that the 
feedback mechanism by which thrombin activates factor XI, with 
subsequent activation of IX and then further generation of throm-
bin, is an essential stage of amplification necessary for hemostasis.

Intrinsic Pathway

Contact with vascular injury

Tissue damage

Extrinsic Pathway

Factor XII Factor XIIa

Factor VIIa Factor VII

Factor Va,
Factor VIIIa

Fibrinogen
(Factor I)

Fibrin

Thrombin
Prothrombin
(Factor II)

Tissue factorFactor XIa Factor XI

Factor IX

Factor X Factor XFactor Xa

Factor XIII Factor XIIIa

Ca��

Ca��

Ca��, Factor VIII,
Platelet phospholipid

Ca��, Factor VI,
Platelet phospholipid

Ca��, Phospholipid

Ca��

Factor IXa

FIGURE 5-1 Coagulation cascade.

PROHEMOSTATIC ANTIHEMOSTATIC

Circulating
α

2
-Antiplasmin Antithrombin III

Thrombin Protein C
Thrombin-activatable fibrinolysis Protein S
 inhibitor (TAFI) Tissue factor pathway inhibitor 

(TFPI)

Endothelium-Derived
Plasminogen activator inhibitor-1 

(PAI-1)
Ectoadenosine diphosphatase 

(Ecto-ADPase)/CD39
Tissue factor (TF) Heparan sulfate (HS)
von Willebrand factor (vWF) Nitric oxide (NO)

Thrombomodulin
Tissue plasminogen activator (tPA)
Urokinase plasminogen  activator 

(uPA)

TABLE 5-1 Factors Involved in Fibrinolysis
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The extrinsic pathway, described earlier, joins up with the 
intrinsic pathway through factor X to form the common pathway. 
The intrinsic pathway is initiated by contact and results in acti-
vation of factor IXa, which then goes on to activate factor X as 
described. It is generally accepted that the intrinsic pathway is of 
less importance in coagulation than the tissue factor–mediated 
extrinsic pathway, although it plays an essential role in inflam-
mation and fibrinolysis. The intrinsic pathway is based on expo-
sure of blood to a negatively charged surface, and is classically 
initiated by activation of factor XIIa by kallikrein, which is facil-
itated by kininogen. Kallikrein is generated from prekallikrein 
through proteolytic cleavage by activated factor XII in a reaction 
dependent on the presence of high-molecular-weight kininogen 
(HMWK). When kallikrein has been generated, it also functions 
to cleave HMWK to bradykinin, which functions as an inflam-
matory mediator to potentiate vasodilation and vascular perme-
ability, thereby expanding the role of factor XIIa to inflammation, 
regulation of vascular tone, and fibrinolysis.18 Activated factor XII 
catalyzes conversion of factor XI to the active enzyme form, fac-
tor XIa. When calcium is present, factor XIa next functions to con-
vert IX to IXa, which then binds to VIIIa on membrane surfaces, 
converting X to its active form, factor Xa. Factor Xa then binds to 
Va on the membrane surface to generate prothrombinase, which 
converts prothrombin to thrombin. As thrombin is formed, two 
small prothrombin fragments, termed molecules F1 and F2, are 
released and can be used as markers of serum thrombin forma-
tion.19 The intrinsic pathway is monitored through the activated 
partial thromboplastin time (APTT), which relies on foreign sub-
stances such as glass or silicates to activate factor XII to initiate 
the pathway. Deficiencies in the earliest states of the intrinsic 
pathway, when prekallikrein, HMWK, and factor XII are involved, 
are not associated with bleeding tendencies and therefore do 
not lead to a bleeding diathesis, even though there is an eleva-
tion in partial thromboplastin time. Mutations in factor XII have 
been reported in a group of patients with hereditary angioedema, 
although there does not appear to be a bleeding diathesis with 
this disorder. Some initial studies have suggested that factor XII 
polymorphisms may be associated with an increased propensity 
for thrombosis, but this has not been validated.20,21

When factor Xa generates thrombin, the intrinsic and extrin-
sic pathways have merged into the common pathway. Thrombin 
is essential for fibrinogen to generate fibrin, which is released 
through proteolytic cleavage.22 The fibrin molecules that are 
generated have polymerization sites exposed, making it easier 
for fibrin to cross-link noncovalently. This cross-linking enables 
platelets to be entrapped in a meshwork of fibrin strands to form 
the secondary clot through the action of factor XIII, activated by 
thrombin.23 In the process of cross-linking, there is also an inher-
ent mechanism of autoregulation, with the binding sites neces-
sary to initiate fibrinolysis being blocked so the clot does not 
self-destruct.

This process of platelet activation and up-regulation of the coag-
ulation cascade occurs in a swift and efficient manner to pre-
vent excessive bleeding. It can, however, lead to thrombosis if left 
unchecked, so there are other mechanisms in place whose main 
role is to modulate coagulation activities to avoid such compli-
cations. These mechanisms involve mechanical means such as 
dilution of coagulation factors in blood and removal of factors 
after activation through the reticuloendothelial system, as well as 
antithrombotic pathways that are separate from the coagulation 
cascade. Patients with deficiencies in these natural antithrom-
botic mechanisms often present with thrombosis. These pathways 
include antithrombin, protein C and S, and tissue factor pathway 
inhibitor (TFPI).

Antithrombin is a serine protease inhibitor that binds specifi-
cally to factors IXa, Xa, and thrombin, thereby inactivating them. 
Antithrombin has two main binding sites that maintain its func-
tionality: the reactive center at Arg 393/Ser 394 and the heparin 
binding site at the amino-terminal end of the molecule. Binding 
of both endogenous and exogenous heparins at this site causes 

a conformational change in antithrombin that enables it to inac-
tivate its targets at an accelerated rate. The glycosaminoglycan  
heparan sulfate (HS), present on the surface of ECs, mediates anti-
thrombin's ability to increase its activity and functions as the phys-
iological equivalent to heparin.24 Deficiency of antithrombin is 
associated with a genetic propensity to form venous thrombosis, 
discussed in Chapter 10.25

Activated protein C (APC) and protein S are also important 
mechanisms for preventing excessive clotting. During the clotting 
process, thrombin binds to thrombomodulin, which is also pres-
ent on the EC surface. It then undergoes a conformational change 
leading to activation of protein C.26 Activated protein C complexes 
with protein S and proteolytically cleaves factors Va and VIIIa, 
resulting in their inactivation and a decrease in generation of fac-
tors Xa and thrombin. Cleavage of factor Va occurs at Arg 506, Arg 
306, and Arg 679 by APC in a sequential manner such that the cleav-
age at Arg 506 exposes cleavage sites at the other sites through a 
conformational change. Mutation of the arginine located at posi-
tion 506 to glutamine leads to factor V Leiden, which is associated 
with a hypercoagulable state.

Another important natural anticoagulant is TFPI, which acts as a 
multivalent protease inhibitor to inactivate both factor Xa and IXa. 
Tissue factor pathway inhibitor is also present within ECs, with the 
majority remaining localized to the endothelial surface and very 
little circulating in plasma. The concentration in plasma, however, is 
increased in the presence of heparin, which modulates its release 
from the endothelial surface.

Fibrinolysis
The importance of fibrinolysis lies in its removing blood clots 
and maintaining hemostasis without excessive clotting. The 
mechanism of serine protease activity is preserved in the fibrino-
lytic system and accounts for the mechanism of action of many 
of its components (Fig. 5-2). The main factor responsible for fibri-
nolysis is plasmin. The process begins when plasminogen in its 
inactive form is converted to the active enzyme, plasmin, which 
functions to covert fibrin to soluble fibrin degradation products. 
Two molecules that mimic this function include tissue-type plas-
minogen activator (tPA) and urokinase-type plasminogen acti-
vator (uPA). The motif responsible for its action is the kringle 
domain, which resides in the amino-terminal end. Kringles are 80 
amino acids in length and have a unique folded sheet structure 
that results from disulfide linkages, which yields a homotypic 
binding site specific for plasminogen, fibrinogen, and fibrin. 
There is homology between the kringles contained in all three 
of these molecules.

These kringle domains are essential for providing a mecha-
nism for binding many components of the developing throm-
bus, including fibrinogen and fibrin. The kringle domains 
shared by tPA and plasminogen allow fibrinogen and fibrin to 
bind and therefore be incorporated into the developing clot. 
Plasminogen is converted to plasmin through the  proteolytic 
cleavage achieved by tPA and uPA at the Arg 560 and Val 561 
sites.27 The plasmin generated can then bind to a number 
of proteins involved in the  process of fibrinolysis. Relevant 
 properties include its high affinity for fibrin, ability to cleave Glu-
plasminogen to  Lys-plasminogen, ability to activate factor XII, and 
ability to inactivate factors V and VIII in the coagulation cascade. 
Plasmin cleaves the fibrin molecule into differentially sized deg-
radation or split  products (FDP), the smallest of which is D-dimer, 
which is used as a marker of venous  thromboembolism and dis-
seminated intravascular  coagulopathy (DIC).

The plasminogen pathway is complex and tightly regulated.28 
The main proteins involved in its modulation are plasminogen 
activator inhibitors (PAI)-1 and PAI-2. The activators and inhibitors 
of plasminogen regulate fibrinolysis upon release from ECs. These 
activators of the fibrinolytic process are under the control of PAIs, 
which complex with tPA and uPA to inactivate them and therefore 
block plasmin generation.
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Evidence for why tPA is more important than uPA for normal 
hemostasis is how ECs up-regulate production of this protein when 
injured. It is stimulated by a variety of substances, including throm-
bin, serotonin, bradykinin, cytokines, and epinephrine. This bind-
ing affords tPA some protection from degradation and enables it 
to survive for longer than its expected half-life of only 4 minutes. 
Its role in hemostasis is of such significance that recombinant tPA 
(alteplase) and its derivatives that incorporate the kringle domains 
(e.g., reteplase, tenecteplase) are used as thrombolytic agents 
in patients with acute thrombotic events, including myocardial 
infarction.29

The other essential plasminogen activator in this process is 
uPA, which exists in a high-molecular-weight and a low-molecular-
weight form, both of which have the ability to activate plasminogen 
through cleavage at Arg 560/Val 561. Urokinase is present in high 
concentration in urine. Whereas tPA is mainly important for intra-
vascular fibrinolysis, urokinase has more of a role in the extravascu-
lar compartment. Unlike tPA, however, uPA does not bind to fibrin 
and therefore is not involved in activation of plasminogen incorpo-
rated into clots through fibrin binding.30 As its name implies, uPA 
is derived from urokinase, which consists of a single-chain precur-
sor molecule termed scuPA that is hydrolyzed by plasmin or kalli-
krein to the two-chain active uPA, which is biologically active.31 In 
plasma, scuPA does not activate plasminogen, but in the presence 
of fibrin, it is actually scuPA that induces clot lysis. Interestingly, the 
role of urokinase has been expanded to include support of inva-
sion and metastasis in malignancy32,33; uPA has been shown to play 
a role in extracellular matrix degradation, allowing for migration 
and invasion of metastatic cells. There is now a growing interest in 
developing targeted therapy that blocks this pathway as a means 
of controlling metastasis.

Streptokinase does not participate in normal hemostasis but is 
used as a therapeutic agent for acute thrombosis. It is isolated from 
β-hemolytic streptococci, and since it is not an enzyme, must com-
plex with plasminogen to form an active molecule which then has 
the ability to cleave plasminogen to plasmin.34 Its use as a thera-
peutic agent, however, is limited; as a foreign substance, it is often 
recognized by the immune system, and antistreptokinase antibod-
ies are generated.

There are multiple endogenous proteins that can rap-
idly inhibit the fibrinolytic response. These include PAI-1, α

2-
antiplasmin, α2-antitrypsin, and C1 inhibitor. Most of these 
inhibitors act through serine protease inhibition (serpin) and 
therefore affect many aspects of coagulation. The most impor-
tant of these inhibitors is PAI-1, which is expressed by ECs or 
platelets after exposure to thrombin; inflammatory media-
tors such as tumor necrosis factor alpha (TNF-α); and growth 

 factors, lipids, insulin, angiotensin II (ANGII), and endotoxin.35 
Recently the role of PAI-1 as an inhibitor of tissue factor has 
been postulated to regulate hemostasis in inflammatory condi-
tions such as sepsis or acute lung injury.36 It has been shown that 
platelets release PAI-1 as a mechanism of preventing premature 
clot dissolution. Patients who are deficient in PAI-1 have a bleed-
ing diathesis when confronted with trauma or surgery.

Another important mechanism for regulation of fibrinolysis is 
thrombin-activatable fibrinolysis inhibitor (TAFI), which is not a 
member of the serpin family. It is known for its ability to cleave the 
carboxy-terminal lysine in fibrin, impairing plasminogen binding.37 
Activation of TAFI is dependent upon the thrombin-thrombomodulin 
complex, which can expedite the inhibitory process in a similar 
manner to thrombin.38 This process has recently been shown to 
be inhibited by platelet factor 4, which is secreted by activated 
platelets.39 If the feedback mechanisms of thrombin generation 
through factors V,    VIII, and XI is impaired—leading to diminution  
of the thrombin-thrombomodulin complex and therefore 
decreased activation of TAFI—clinical consequences can occur. It 
has been suggested that in chronic liver disease where coagula-
tion factors are decreased, low amounts of TAFI may account for 
the low-grade fibrinolysis typically observed.40 The opposite can 
also occur, as is seen in patients with the G20210A prothrombin 
gene mutation in which thrombin generation is increased leading 
to increased  activation of TAFI and an increased thrombotic pro-
pensity through a inhibition of fibrinolysis.41

Recently it has been shown that there is yet another important 
mechanism by which to regulate the fibrinolytic process via matrix 
metalloproteinases (MMPs). Matrix metalloproteinases (includ-
ing MMP-3, -7, -9, and -12) are found in ECs and have the ability to 
cleave uPA and plasminogen. The importance of MMPs in down-
regulating cellular fibrinolysis remains to be elucidated, but it is 
clear they function by reducing availability of plasminogen. MMP-3 
and -7 also have the ability to degrade fibrinogen and cross-linked 
fibrin; MMP-11 can degrade fibrinogen but not fibrin. Matrix metal-
loproteinases also can modulate the activity of many inhibitors of 
fibrinolysis,  including α2-antiplasmin and PAI-1.42,43

Summary
In this chapter, we have described the intricate pathways involved 
in coagulation and fibrinolysis, with specific emphasis on regu-
lation of hemostasis. Future endeavors focused on understand-
ing the complex nature of these processes and how they relate 
to human disease processes, including inflammation, malignancy, 
and arterial and venous thrombotic events, will provide targeted 
therapies to modulate hemostasis and thrombosis.

Fibrinolysis

Plasminogen Plasmin

Fibrin Thrombin

Fibrin Degradation Products

Thrombin-activatable
fibrinolysis inhibitor (TAFI)

Plasminogen activator
inhibitor I & II

Factor XIa, XIIa, kallikrein

Urokinase �2-Antiplasmin �2-Macroglobulin
Tissue plasminogen

activator (tPA)

FIGURE 5-2 Pathway of fibrinolysis. Inhibition is signified by red arrows and stimulation is signified by green arrows.
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C H A P T E R  6  Vascular Pharmacology
David G. Harrison, James M. Luther

Vascular pharmacology has traditionally focused on drugs that 
modulate vasomotion, and such agents continue to be commonly 
used for treatment of disorders such as hypertension, myocar-
dial ischemia, vasospasm, cardiovascular shock, and orthostatic 
 hypotension. In the past 2 decades, new drug targets have been  
recognized, including inflammation, angiogenesis, and thrombosis. 
In some cases, drugs affect these targets by unexpected off-target 
effects that are nevertheless pharmacologically important.

Vascular Smooth Muscle Activation
The actions of many drugs discussed in this chapter affect vascu-
lar smooth muscle cell (VSMC) contraction, and a basic under-
standing of contractile regulation is essential to understanding 
their mechanism of action. Contraction of vascular smooth mus-
cle involves a sliding filament mechanism similar to that observed 
in other smooth muscle or in skeletal muscle. This topic has been 
reviewed in depth previously,1 is covered in detail in Chapter 3, 
and is therefore only briefly discussed here. The classical para-
digm, depicted in Figure 6-1, is that increases in  intracellular 
calcium lead to formation of a calcium-calmodulin complex. 
Calcium--CaM then binds and activates myosin light chain kinase 
(MLCK), which then phosphorylates myosin light chain (LC-20). 
Phosphorylation of LC-20 increases myosin adenosine triphos-
phatase (ATPase) activity, which leads to cross-bridge cycling 
and  contraction. Myosin light chain phosphatase negatively regu-
lates this process by dephosphorylating LC-20. Myosin light chain 
phosphatase is in turn inhibited by the small G-protein Rho and 
Rho kinase, which phosphorylates a subunit of myosin light chain 
phosphatase known as the myosin-binding subunit (MBS), lead-
ing to inhibition of phosphatase activity and favoring contraction. 
Myosin phosphatase is also inhibited by a 17-kDa protein known 
as CPI-17 (protein kinase C [PKC]–potentiated inhibitory protein 
of 17 kDa) that in turn is activated by  PKC. Thus, activation of  
PKC can indirectly reduce  myosin phosphatase activity, increase 
myosin phosphorylation, and  promote vasoconstriction.

An important counterregulatory pathway in this scheme is the 
nitric oxide (NO) pathway. Nitric oxide acts on soluble guanylyl 
cyclase (sGC), which catalyzes the conversion of guanosine triphos-
phate (GTP) to cyclic guanosine monophosphate (cGMP). In turn, 
cGMP acts as the only substrate for type 1 protein kinase G (PKG), 
which phosphorylates MBS, increasing its phosphatase activity  
and promoting vasodilation. Protein kinase G also phosphorylates 
and inhibits Rho, further reducing the propensity for vasoconstric-
tion and promoting vasodilation. These pathways are targets of myr-
iad vasoactive drugs that will be considered in greater depth in this 
chapter and are depicted in Figure 6-1.

Traditionally, precapillary arterioles with diameters of approxi-
mately 25  μm were thought to regulate blood flow. While this is true 
in some organs such as the kidney, in many organs, vascular resis-
tances are distributed over a wider range of vessel sizes. In the coro-
nary circulation, fully half of this resistance lies in vessels between 
100 and 300  μm in diameter, and the remainder exists in vessels  
smaller than 100  μm and in venules. Interestingly, many vasoactive  
agents variably affect these different-sized vessels. As an example, 
organic nitrates act predominantly on the larger arteries and veins  
and have minimal effect on arterioles. In contrast, adenosine 
potently dilates resistance vessels and has less effect on larger 
vessels. Vasopressin is a potent constrictor of resistance  arterioles 
and causes endothelium-dependent vasodilation of conductance 
arteries. These differential effects cause various drugs and hor-
mones to selectively affect  factors such as venous  capacitance, 
large (conductance) vessel diameter, and blood flow in the intact 
circulation.

It is now apparent that many pharmacological agents not 
only modulate vascular tone but also vascular growth, remodel-
ing, inflammation, thrombosis, and vascular repair. As examples,  
many components of the contractile pathway discussed earlier 
exist in endothelial cells (ECs), including actin, myosin light chain, 
MLCK, Rho, and Rho kinase. These regulate endothelial shape, 
migration, cell-cell contact, and permeability. Myosin light chain 
kinase activation controls EC calcium entry, NO production, and 
release of endothelium-derived hyperpolarizing factor (EDHF).2 
The Rho/Rho kinase pathway works in concert with other GTPases 
to modulate endothelial production of NO and reactive oxygen 
species (ROS) and gene expression.3 These aspects of vascular 
control have been the  subject of substantial recent research, and 
new drugs have been developed to affect these targets. In addition, 
these pathways seem to be affected in an off-target fashion by sev-
eral existing pharmacological agents.

Pharmacokinetics and Pharmacodynamics
Before discussing specific pharmacological agents, the basic 
 concepts of pharmacology should be reviewed. Drug absorp-
tion, distribution, metabolism, and clearance are the principal 
concepts of pharmacokinetics, and these concepts are detailed 
 elsewhere in pharmacology texts. Certain disease states, such as 
renal  insufficiency, liver insufficiency, or heart failure, may have 
important effects on drug pharmacokinetics within individu-
als, and relevant situations will be discussed with specific drugs. 
Pharmacodynamics is the study of drug mechanism of action 
and physiological effects. Because some agents produce persis-
tent effects beyond their clearance from the circulation, a drug 
with a short half-life can have a longer dosing interval than 
that predicted by its clearance. For example, aspirin  irreversibly 
inactivates the cyclooxygenase (COX) enzyme and achieves 
long-lasting platelet inhibition despite rapid clearance from the 
circulation. Diuretic agents may have a persistent antihyperten-
sive effect after drug cessation, at least until a new level of sodium 
balance is achieved. Other effects may become evident only after 
drug withdrawal. For example, β-blockers increase receptor sen-
sitivity as well as circulating catecholamines, and sudden drug 
withdrawal of their β-blockade can result in rebound hyperten-
sion. Therefore, consideration of both pharmacokinetic proper-
ties and pharmacodynamic effects is essential for understanding 
drug action.

The nature of a drug response helps classify the drug as a full 
or partial agonist, antagonist, or an inverse agonist (Fig. 6-2A) 
and may provide insight into the mechanism of drug action. For 
receptor conformation–specific drugs, pure antagonists stabi-
lize the active and inactive conformations equally and have no 
net effect on basal activity. Inverse agonists preferentially stabi-
lize the receptor's inactive form, and agonists stabilize the active 
conformation.

The potency of a drug refers to the molar concentration nec-
essary to achieve a desired response (e.g., 50% maximal stimula-
tion or inhibition; Fig. 6-2B), whereas efficacy reflects the drug's 
 maximal response relative to other agents (Fig. 6-2C). Clinical 
 differences in drug potency may be overcome by increasing the 
dosage, whereas differences in drug efficacy cannot.

Receptor antagonists can be assessed by the response to a 
known stimulus in the presence of increasing antagonist con-
centration (Fig. 6-3). Antagonists that reversibly bind to the recep-
tor can be overcome with increasing concentration of agonist 
(Fig. 6-3A). Antagonists that irreversibly bind their target impair 
the maximal response with increasing concentration (Fig. 6-3B).  
A  number of drugs act in an allosteric manner by binding to a site 
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on the receptor that is distinct from the native ligand, inducing a 
conformational change. Allosteric modulators can either increase 
or decrease agonist response by binding to a site distinct from the 
agonist binding site. An allosteric antagonist dose-response curve 
appears similar to that of a noncompetitive antagonist. Allosteric 
potentiators shift the agonist curve to the left (see Fig. 6-3A), while 
competitive antagonists shift the curve to the right.

Drugs That Affect Nitric Oxide/Guanylyl 
Cyclase/cGMP–Dependent Protein 
Kinase Pathway
The NO pathway plays a major role in modulating vascular 
reactivity; however, NO represents only one step in a complex 
 pathway that can be affected by a variety of signaling molecules. 

This  pathway is illustrated in the right portion of Figure 6-1, and 
involves the guanylyl cyclase enzymes, cGMP, and the binding 
targets of cGMP, which include the cGMP-dependent PKGs, ion 
channels regulated by cGMP, and phosphodiesterases (PDEs).  
The guanylyl cyclase/cGMP pathway is affected by a variety 
of agents, including NO and NO donors (the nitrovasodilators);  
other agents that activate guanylyl cyclase; agents that modulate 
degradation of cGMP; and agents that directly activate PKG.

Endogenously, NO is produced by the nitric oxide synthase 
(NOS) enzymes, and serves myriad signaling roles depending 
on the cell and tissue in which it is produced.4 Experimental 
studies have shown that NO produced by the endothelium not 
only  mediates vasodilation, but also inhibits expression of adhe-
sion molecules, reduces platelet adhesion, inhibits vascular 
smooth muscle growth and hypertrophy, and prevents vascular 
remodeling.

CCBs

Sarcoplasmic
reticulum

Minoxidil
Pinacidil

PGI2

cAMP

ATP
MLCK

Myosin
Phosphatase

LC20

Rho kinase

CPI-17

PKG-1

cGMP

PDE

GMP
cGMP-gated
ion channels

Natriuretic
peptides

GTP

Actin-myosin cross-bridge
cycling and contraction–Pi

NO

pGCase

sGC

PKC

Ca2�

Ca2� Ca2�

Ca2�

Ca2� � CaM

Ca2� � CaM

K�
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Guanylyl cyclases convert GTP to cGMP. When first discovered,  
this enzymatic activity was found in both the particulate or mem-
brane fractions and in the soluble or cytoplasmic fractions of cell 
homogenates. Shortly after this first discovery, it was recognized 
that the soluble enzyme was activated by sodium azide, sodium 
nitroprusside, and nitroglycerin in a heme-dependent fashion. 
It has  subsequently been confirmed that NO allosterically binds 
a prosthetic heme group in sGC, which in turn alters enzyme 
 conformation and activates the enzyme. Removal of the heme 
group eliminates the ability of NO to stimulate enzyme activity. Ten 
years later, the particulate form was found to be activated not by 
NO-like compounds but by atrial natriuretic peptide (ANP), and 
that the particulate forms are in fact receptors for the natriuretic 
peptides. Thus, NO donors and the natriuretic peptides share com-
mon downstream signaling pathways, albeit via activation of differ-
ent upstream enzymes.

Nitrovasodilators
The nitrovasodilators produce their biological effects either by 
releasing NO or closely related molecules that are converted to NO 
in cells. The most commonly employed nitrovasodilators are the 
organic nitrates and sodium nitroprusside. It is useful to begin a 
discussion of these agents by comparing sodium nitroprusside and 
nitroglycerin, which are illustrated in Figure 6-4. As apparent, the 
oxidation state of the nitrogen that is ultimately released as NO dif-
fers in these molecules, and this basic structural property  provides 
insight into their pharmacological profiles. Sodium nitroprusside 
requires a one-electron reduction to release NO, and this is read-
ily accomplished nonenzymatically by a variety of reductants 
in the circulation, the interstitial space, and the cell. Thus, when 
infused intravenously, nitroprusside begins to release NO through-
out the circulation and potently dilates all vessels. Moreover, given 

the short half-life of NO, the vasodilation caused by nitroprusside is 
short-lived once its infusion is discontinued.

As is apparent from its structure, nitroprusside possesses five 
cyanide groups in each molecule (highlighted in red in Fig. 6-4), 
and prior studies have shown that each of these is reduced prior 
to the release of NO. The cyanide radicals react with hemoglobin 
(Hb) to form methemoglobin and are converted to thiocyanate 
in the liver. When these metabolic pathways are depleted, cyanide 
toxicity occurs, characterized by central nervous system (CNS) 
dysfunction, metabolic acidosis with a base deficit, and elevated 
plasma lactic acid concentrations.5 Fortunately, cyanide toxicity is 
infrequent during brief administration of sodium nitroprusside but 
occurs more commonly when infusion rates exceed 2  μg/kg/min  
and when the drug is infused for prolonged periods. In addition, 
the risk of cyanide toxicity is increased in patients with renal or 
hepatic failure, so sodium nitroprusside should be avoided in 
patients with these conditions. Owing to its capacity to rapidly 
release NO, sodium nitroprusside produces potent systemic vaso-
dilation and is effective as an antihypertensive. It is still used for 
treatment of severe hypertension and, in some cases, for afterload 
reduction in patients with severe heart failure; however, newer 
agents with less potential toxicity are now more commonly used.

In contrast to sodium nitroprusside, nitroglycerin and other 
organic nitrates require a 3-electron reduction to yield NO. In 
the last several years, it has become clear that this is in large part 
accomplished by the action of the mitochondrial enzyme alde-
hyde reductase-2 (ADH2).6 Mice lacking this enzyme are resistant 
to the actions of nitroglycerin. Notably, about 40% of East Asians 
have a dominant negative mutation of ADH2 that causes intoler-
ance to ethanol and markedly impaired vasodilator responses to 
nitroglycerin.7

As mentioned earlier, organic nitrates preferentially dilate larger 
arteries and veins while having less effect on arterioles, particu-
larly at lower doses.8 This response profile is likely beneficial in 
alleviating angina because potent arteriolar dilators are prone to 
cause coronary steal and paradoxically worsen myocardial isch-
emia. Moreover, venous dilatation reduces left ventricular (LV) 
filling, alleviates pulmonary congestion, and can improve suben-
docardial  perfusion in ischemic regions of the myocardium.

Traditionally, organic nitrates have been employed to either 
 alleviate or prevent the chest pain associated with myocardial 
ischemia. For acute angina, nitroglycerin is administered either 
as a sublingual tablet or an oral spray. For prevention of angina, 
long-acting nitroglycerin preparations or related organic nitrates 
(e.g., isosorbide mononitrate, isosorbide dinitrate, pentaerythri-
tol tetranitrate, transdermal nitrates) are commonly employed. 
Nitroglycerin is often administered intravenously for treatment of 
acute coronary syndromes (ACS).

Experimental studies have shown that NO inhibits platelet adhe-
sion, expression of adhesion molecules, and vascular smooth 
muscle proliferation and migration. Thus, one might expect that 
NO donors such as nitroglycerin would reduce atherosclerosis 
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 progression and potentially reduce major cardiovascular events 
in patients with coronary artery disease (CAD). Despite extensive 
use for alleviation of myocardial ischemia for almost a century and 
a half, no clinical trials have shown that these drugs reduce isch-
emic cardiovascular events. The GISSI-3 and ISIS-4 trials examined 
the effect of nitrates following myocardial infarction (MI) but failed 
to show a significant improvement in outcome.9,10 These trials only 
observed patients for 5 weeks to 6 months following MI, and there-
fore did not determine whether long-term nitrates might have a 
beneficial effect on outcome in patients with ischemic heart dis-
ease. Given the many putative beneficial effects of NO on vascu-
lar function, longer-term treatment might impart a beneficial effect 
on atherosclerosis, inflammation, vascular remodeling, or plaque  
stability. Indeed, a recent analysis of the GRACE registry, which 
includes patients admitted for ACS, showed that chronic nitrate 
users were much more likely to present with non–ST-segment eleva-
tion MI NSTEMI) than non-nitrate users.11 These data must be inter-
preted with caution because the use of nitrates was not randomized, 
and conclusions were derived from a retrospective analysis.

In addition to their use as antianginal agents, the long-acting 
nitrates are now often employed for treatment of congestive 
heart failure (CHF), commonly in combination with hydralazine. 
Unlike the case for treatment of CAD, prospective randomized tri-
als have shown that long-acting nitrates improve survival, reduce 
hospitalizations, and enhance quality of life in patients with CHF, 
particularly among African Americans.12 Precise mechanisms  
underlying the beneficial effects are unclear; however, long- 
acting nitrates appear to synergize with hydralazine as afterload- 
and preload-reducing agents. These agents might also improve 
renal hemodynamics and promote diuresis and, via release of  
NO, have beneficial effects on vascular and cardiac remodeling.

A major limitation to prolonged use of organic nitrates is devel-
opment of tolerance. Within about 12 hours of administration,  
the hemodynamic effects of organic nitrates begin to abate, in 
part due to extravascular adaptations such as volume redistribu-
tion and neurohormonal activation. After several days of continu-
ous nitrate therapy, the direct vascular actions of nitrates are lost, 
even when vessels are removed from the animal or human. The 
mechanisms of nitrate tolerance, and in particular this latter form 
of true vascular tolerance, remain uncertain but have been attrib-
uted to formation of ROS, nitrosation and oxidation of guanylyl 
cyclase, and changes in activity of ADH2.13 A number of strate-
gies have been proposed to prevent nitrate tolerance, but the only 
approach accepted clinically is to allow a drug “holiday”; that is, 
to withdraw the nitrate for about 12 hours daily. The commonly 
employed isosorbide mononitrate preparations accomplish this 
by increasing blood levels of the drug for about 12 hours during 
waking hours, after which blood levels fall to near-undetectable 
levels. Experimental studies have shown that hydralazine pre-
vents nitrate tolerance by reducing oxidative stress,13 which might 
explain the benefit of hydralazine when added to long-acting 
nitrates in the treatment of heart failure. The long-acting nitrate 
pentaerythritol tetranitrate seems not to cause tolerance in experi-
mental animals, but this has not been proven in clinical studies.

Intravenous nitroglycerin has occasionally been used for treat-
ment of hypertensive emergencies. This condition is often asso-
ciated with a contracted blood volume. Owing to nitroglycerin's 
propensity to produce venular dilation rather than arteriolar dila-
tion, it has the potential to reduce cardiac output in this setting 
and may produce untoward effects in patients with compromised 
coronary, renal, or cerebral perfusion.14 Low-dose nitroglycerin 
might be useful in combination with other agents in treating a 
hypertensive emergency, particularly in patients with acute pul-
monary edema, but other agents are available and likely more 
effective.

In addition to its reaction with sGC, NO can react with other 
heme proteins and radicals. Higher oxides of NO can also react 
with thiols, leading to formation of nitrosothiols.15 An important 
example of these reactions is the reversible NO reaction with 
cytochrome C, which modulates mitochondrial respiration and 

superoxide production.16 It is uncertain as to how important these 
reactions are in the overall response to nitrovasodilators.

Related to the chemistry mentioned earlier are reactions of 
inorganic nitrate ( 3NO − ) and nitrite (

2NO − ). Although these 
are oxidation products of endogenously produced NO, they are 
also derived from dietary sources such as green leafy vegetables. 
Nitrate is rapidly converted to nitrite by bacteria in the oral cavity 
and gastrointestinal tract. Nitrite, in turn, can be reduced by vari-
ous heme proteins, including deoxyhemoglobin, to NO. Studies 
have shown that the reaction of nitrite with deoxyhemoglobin 
promotes NO formation and vasodilation in regions of the circula-
tion where oxygen tension is low, thereby improving oxygenation 
of hypoxic  tissues.17 Thus, once considered an inactive metabolite 
of NO, nitrite likely has physiological significance and might have 
therapeutic utility.18

Molsidomine (see Fig. 6-4) has also been used as an NO donor 
for treatment of angina, but it is not commonly employed clinically. 
The liver metabolizes molsidomine to release SIN-1, which in turn 
decomposes to NO and superoxide in equimolar amounts. These 
species can react rapidly with one another to yield the strong oxi-
dant peroxynitrite. Because of this chemistry, SIN-1 oxidizes lipo-
proteins, damages DNA, and depletes antioxidants. This capacity to 
generate peroxynitrite has dampened enthusiasm for clinical use 
of molsidomine and related drugs, but SIN-1 is commonly used to 
produce peroxynitrite in experimental settings.

There are other agents used experimentally as NO donors. Two 
classes that deserve mention are the S-nitrosothiols (SNOs) and 
the NONOates. S-nitrosothiols can be formed either by reactions  
of thiols with higher oxides of NO or by the reaction of NO with 
thiyl radicals. There is substantial evidence that SNOs are formed 
in vivo, where they serve as reservoirs for NO, and that the attach-
ment of NO to thiols in proteins affects protein function. As 
an example, S-nitrosylation of Hb has been implicated in oxy-
gen affinity and delivery. S-nitrosothiols are simple to synthesize  
and, depending on the thiol backbone, have different stabilities 
such that they can release NO in times ranging from seconds to 
minutes. S-nitrosothiols can also undergo heterolytic scission, 
yielding the nitrosonium cation (NO+), which acts as a nitrosating  
agent to form various nitroso compounds. The NONOates are  
commercially available nucleophilic/NO complexes often used 
experimentally as NO donors. These release only NO and are 
very useful because their varying structures permit controlled NO 
delivery over widely varying times, ranging from seconds to hours. 
Neither SNOs nor NONOates are clinically used at present.

Unique Modulators of Soluble Guanylyl Cyclase
Soluble guanylyl cyclase contains a heme group that is respon-
sible for binding and activation by NO. Agents such as 1 H-[1,2,4]
oxadiazolo[4,3-a]quinoxalin-1 (ODQ), ferricyanide, or  methylene 
blue can inactivate sGC by oxidizing the heme group. Owing to 
this enzymology, ODQ and methylene blue have been used as 
pharmacological probes to prove that a biological response is 
dependent on guanylyl cyclase. In a similar vein, oxidation of 
the heme group by superoxide or hydrogen peroxide might alter 
NO-dependent enzyme activity and therefore impair endothe-
lium-dependent vasodilation under conditions where endog-
enous production of ROS is increased. Thus, in addition to 
oxidative inactivation of NO, superoxide and related oxidants 
can impair NO function by inactivating sGC.

Compounds have been developed that activate sGC in an 
NO-independent fashion.19 Some of these, such as the pyrazo-
lopyridine BAY 41-2272 and YC-1, interact with the heme group 
 independent of NO, or can markedly enhance NO-stimulated 
enzyme activity. Others, such as BAY 58-2667 and  HMR-1766, 
 activate sGC in a heme-independent fashion and can  stimulate 
cGMP formation even when the heme group is oxidized. Because 
these agents do not depend on endogenous production of NO, 
they have potential advantages over PDE  inhibitors (see later 
 discussion) in diseases where NO  production is impaired. They 
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also potentially bypass the problem of tolerance observed with 
various NO donors. These agents produce vasodilation, lower 
blood pressure, inhibit platelet aggregation, and have been shown 
to have therapeutic benefit in experimental models of systemic 
hypertension, pulmonary hypertension (PH), and heart failure.19 
Like NO, they inhibit neointima formation following balloon injury 
in rats and therefore might be effective in treatment or prevention 
of restenosis and atherosclerosis. They also hold promise for treat-
ment of erectile dysfunction (ED), liver fibrosis, and renal disease. 
Currently, clinical trials are underway to examine the efficacy of 
some of these agents in the treatment of heart failure and PH.

Natriuretic Peptides
Natriuretic peptides, including atrial (ANP), brain (BNP), and 
C-type (CNP) natriuretic peptides, are 17-amino-acid ring struc-
tures with an internal disulfide bond and are secreted as pro-
hormones. Atrial natriuretic peptide and BNP are predominantly 
produced by atrial and ventricular myocytes; CNP is produced by 
vascular endothelial cells, the brain, and other peripheral tissues.20 
Urodilatin, a related peptide processed from the ANP prohormone, 
is released from distal tubular cells of the kidney.21 The A and B 
natriuretic peptide receptors are homodimers that are widely dis-
tributed, particularly in the cardiovascular system and kidney.21 
The cytoplasmic tails of these contain a guanylyl cyclase domain 
that is activated by binding with natriuretic peptides.20 There also 
exists a C-type natriuretic receptor that has a short cytoplasmic 
tail without a guanylyl cyclase domain and seems predominantly 
involved in clearing natriuretic peptides from the circulation.

As mentioned, ANP and BNP are produced predominantly in 
atrial myocytes. In the setting of a variety of conditions (e.g., heart 
failure, cardiac inflammation, fibrosis, hypoxia), BNP is expressed 
in large amounts by ventricular myocytes, leading to an elevation 
of circulating BNP.  Thus, BNP and pro-BNP are commonly used as  
biomarkers for detection of various cardiac pathologies, and in par-
ticular for diagnosis and management of volume overload states.22

Activation of the A- and B-type natriuretic receptors leads to 
vasodilation and a variable diuretic and natriuretic response, 
depending on volume status. For this reason, a synthetic form of 
BNP known as nesiritide has been marketed and employed for 
treatment of decompensated heart failure. Like the nitrovaso-
dilators, nesiritide infusion lowers pulmonary capillary wedge 
pressure (PCWP), right atrial pressure, and systemic vascular 
resistance, and improves symptoms of dyspnea.23 This agent also 
lowers circulating catecholamines, aldosterone, and angiotensin-
(Ang) II levels, and aids diuresis. One study suggested that nesirit-
ide was more effective that intravenous nitroglycerin treatment 
of patients with severe heart failure.23 An early meta-analyses sug-
gested that nesiritide therapy was associated with an increase 
in mortality within 30 days of treatment, for uncertain reasons24; 
however, more recent meta-analysis of six randomized clinical tri-
als showed no change in outcome at 10, 30, or 180 days following 
administration of this agent.25 A randomized trial of more than 
7000 subjects has shown that treatment with nesiritide acutely 
improves patients with class IV heart failure, without worsening 
long-term outcome.26 This positive study is tempered by a very 
recent large study of 7143 patients with acute heart failure that 
showed no benefit of nesiritide in reducing symptoms or improv-
ing outcome at 30 days.27

Phosphodiesterase Inhibitors
As reflected in Figure 6-1, cGMP is rapidly inactivated to GMP by 
cellular PDEs. There are 11 PDE isoenzymes with varying speci-
ficities for the different cyclic nucleotides. Phosphodiesterases 
5, 6, and 9 are highly selective for cGMP, while PDEs 3 and 10 
are preferentially activated by cyclic adenosine monophos-
phate (cAMP). Phosphodiesterases 1, 2, and 11 have dual sub-
strate specificity.28 In the cardiovascular system, the predominant 
PDEs are PDE1, 2, and 5. The PDEs are subject to substantial post-
translational regulation. As examples, PDE1 is calcium/CaM-
dependent, cGMP stimulates PDE2 inactivation of cAMP, and 
binding of cAMP to PDE3 is inhibited by cGMP.

Several naturally occurring PDE inhibitors, such as caffeine, the-
ophylline, and theobromines, are present in coffee, chocolates, 
and tea, and have been used since antiquity as stimulants.29 These 
are among the most widely distributed drugs in the world. Like 
cAMP and cGMP, the PDE inhibitors commonly contain a purine 
structure with linked pyrimidine and imidazole rings. These 
agents occupy the cAMP or cGMP PDE binding sites and inhibit 
respective PDE isoenzymes with varying degrees of selectivity.29 
The immediate cardiovascular effects of nonselective PDE inhibi-
tion include vasodilation due to accumulation of cGMP and cAMP, 
increases in cardiac contractility due to accumulation of cAMP, 
and improvement in diastolic relaxation (lusitrophy) mediated by 
cAMP and cGMP.

In the past 30 years, a variety of PDE5 inhibitors, including silde-
nafil, tadalafil, and vardenafil, have been developed and are now 
used clinically (Table 6-1). Experimental studies have shown that 
the vasodilator effect of PDE5 inhibitors is almost exclusively 
dependent on endogenous NO release, and is prevented by inhibi-
tion of NOS and in conditions in which endogenous NO produc-
tion is impaired.28 These agents also affect cardiac function. The 
PDE5 inhibitors acutely reduce cardiac contractility and precondi-
tion cardiac myocytes to reduce necrosis and apoptosis caused by 
experimental ischemia.30,31 Chronic PDE5 inhibition with sildenafil 
prevents experimental cardiac hypertrophy caused by transaortic 
constriction.32

The PDE5 inhibitors were developed as antihypertensive agents, 
but because of their potent effect on the corpus cavernosa, they 
were initially approved and have become widely employed for 
treatment of erectile dysfunction. These agents are also potent 
dilators of the pulmonary circulation. Sildenafil and tadalafil 
been approved by the U.S. Food and Drug Administration (FDA) 
for treatment of pulmonary arterial hypertension (PAH). This dis-
order, defined by the hemodynamic parameters of a mean pul-
monary artery pressure (PAP) above 25 mmHg and a PCWP  
15 mmHg or lower, occurs as a primary condition and in the set-
ting of a variety of diseases that affect the pulmonary circula-
tion.33 (Also see Chapters 56 and 57.) A single dose of sildenafil 
was found to reduce PAP in patients with both primary and sec-
ondary PH and to augment the effect of inhaled NO in these sub-
jects.34 Clinical studies have shown that chronic administration 
of PDE5 inhibitors reduces PAP and right ventricular (RV) mass, 
and improves exercise tolerance and functional status in patients 
with PAH.35 The recent SUPER-2 clinical trial showed that silde-
nafil improved 3-year survival in patients with PAH compared to 
historical controls.36 For these reasons, PDE5 inhibitors are now 
considered a mainstay of therapy for PAH. They have also been 

 
CLASS

DRUG  
(TRADE NAME) 

T1/2  
(HOURS)

DOSE  
ADJUSTMENT

DOSE RANGE  
(TOTAL  mg/DAY)

DOSING INTERVAL 
(HOURS)

PDE5 inhibitor Sildenafil (Viagra)  4 L, R 25-100 24
Tadalafil (Cialis) 17.5 L, R 2.5-20 24
Vardenafil (Levitra)  4-5 L 10-20 24

TABLE 6-1 Phosphodiesterase-5 Inhibitors

L, liver failure; PDE5, phosphodiesterase type 5; R, renal failure; T
1/2

, half-life.
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used with some success in neonates with persistent pulmonary 
hypertension of the newborn (PPHN).37

Phosphodiesterase type 5 inhibition has beneficial effects on 
hemodynamics and cardiac function in heart failure. In various 
experimental models of heart failure, PDE inhibitors prevent and 
reverse cardiac hypertrophy, reduce remodeling, and decrease 
myocardial fibrosis.38,39 In a recent placebo-controlled clinical trial 
of patients with severe heart failure, sildenafil treatment for 1 year 
improved ejection fraction, improved parameters of diastolic func-
tion, and reduced left atrial size while improving functional capac-
ity and clinical status.40 This study was not designed to determine 
whether sildenafil improves survival; larger studies are needed with 
longer-term follow-up to discern whether PDE5 inhibition provides 
survival benefit. Nevertheless, these orally available agents, which 
avoid the problem of tolerance encountered with the nitrovasodi-
lators, have substantial promise in treating ventricular dysfunction.

Prostaglandins and Thromboxane 
Agonists and Antagonists
Release of lipids from the cell membrane upon receptor binding 
or mechanical stimulation is a major signaling event in mamma-
lian cells. One major class of lipid metabolites is the prostanoids, 
which include the prostaglandins (PGs) and thromboxane. The 
pathway leading to formation of these lipids is illustrated in 
Figure 6-5. They are formed from arachidonic acid, released from 
membrane phospholipids via the action of phospholipase A2. 
The  initial step in prostanoid synthesis is conversion of arachi-
donic acid to the endoperoxide prostaglandin H2 (PGH2) by COX 

enzymes. Prostaglandin H2 is in turn a substrate for several enzymes  
 including various PG synthases and thromboxane synthases (see 
Fig. 6-5), which leads to formation of multiple PG metabolites 
including PGE2, prostacyclin (PGI2), PGF2α, PGD2, and thrombox-
ane A2 TxA2. Each of these has several G protein–linked receptors 
that are widely  distributed and modulate myriad physiological 
and pathophysiological responses that include inflammation, 
vasomotor tone, hemostasis, renal function, and blood pres-
sure.41,42 Vascular response to the various prostanoids depends on 
the category of the heterotrimeric G-protein receptor to which it 
binds. Vasodilator prostanoids, including PGI2 and PGD2, activate 
Gs, which leads to an increase in intracellular cAMP. The con-
tractile prostanoids, including TxA2 and PGF2α, activate Gq, which 
leads to increased  intracellular calcium. There are both Gs and 
Gq receptors for PGE2, which can therefore both vasodilate and 
vasoconstrict.

There are two isoforms of the COX enzymes: COX-1 and COX-2.  
Cyclooxygenase-1 is constitutively expressed and exerts 
housekeeping functions in many cells, including vascular cells. 
Cyclooxygenase-2 is generally considered an inducible enzyme, and 
its levels increase in the settings of inflammation, in particular when 
inflammatory cells enter the affected tissue.42 Cyclooxygenase-2 is 
also constitutively expressed in some cells, including ECs. The pre-
ferred substrate of COX-1 is arachidonic acid, but COX-2 can also 
produce unique antiinflammatory products from the endogenous 
cannabinoid 2-arachidonyl glycerol.43 Both COX-1 and COX-2 are 
activated by shear stress in the endothelium.44 The downstream 
products of COX are highly dependent on the cell type. In healthy 
blood vessels, the predominant arachidonic acid metabolite is 
PGI2, whereas platelets predominantly produce TxA2. In a variety 
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of common cardiovascular diseases, however, vascular produc-
tion of prostanoids can be shifted toward proinflammatory, proco-
agulant, and vasoconstrictor prostanoids.44 As an example, Ang-II 
stimulates COX-2 expression and production of PGE2 in VSMCs, 
and this response contributes to VSMC proliferation and  migration 
in response to this hormone.45 In several experimental models of 
hypertension, obesity, and aging, the endothelium begins to pro-
duce prostanoid-contracting factors including PGH2, TxA2, and  
ROS generated as byproducts of COX activity.46

Cyclooxygenase Inhibitors
Cyclooxygenase inhibitors have been used since antiquity to 
alleviate pain and fever. Salicylic acid was purified from willow 
bark in the 18th and 19th centuries and was further modified to 
acetylsalicylic acid (ASA) in 1897. A large number of nonsteroi-
dal antiinflammatory drugs (NSAIDs) have been developed to 
specifically inhibit COX enzymes, and together with ASA are the 
most commonly used drugs in the world. Drugs that specifically 
inhibit COX-2 were subsequently developed. These were intended 
to reduce gastrointestinal side effects and block inflammation 
caused by COX-2, although as mentioned later, they have unex-
pected and untoward effects that have reduced their popularity.

Aspirin has been studied extensively since the 1950s as a means 
of reducing cardiovascular events.47 Numerous large clinical tri-
als performed in the 1980s supported the concept that aspirin 
decreases the occurrence of MI and stroke. A recent large meta-
analysis showed that aspirin was effective in both primary and 
secondary prevention of total coronary events, ischemic stroke, 
and serious vascular events, with the greatest benefit observed in 
the case of secondary prevention.48 Another recent meta-analysis 
of nine trials that included 90,000 patients showed that aspirin is 
effective for primary prevention of nonfatal MI and total cardio-
vascular events, but not for stroke, cardiovascular mortality, or all- 
cause mortality.49 Of interest, several recent meta-analyses have  
suggested that aspirin might not be useful for primary prevention 
of events in the diabetic population.50,51

The beneficial effects of aspirin are generally considered a 
consequence of its antiplatelet effects and reduction of throm-
bosis. However, aspirin reduces levels of C-reactive protein (CRP) 
in patients with recent unstable coronary syndromes,52 and in 
experimental models of atherosclerosis, reduces atheroma burden, 
decreases inflammation, and improves endothelial function,53,54 
suggesting that it might also have direct vascular effects.

Although aspirin has proven effective in reducing cardiovascu-
lar events, there are no clinical trials showing that other COX inhibi-
tors convey similar cardiovascular benefit, and paradoxically, there 
is substantial evidence that these agents are harmful. The most 
striking example is that of the COX-2 inhibitor rofecoxib, which 
was withdrawn from the market because of increased thrombotic 
events55; however, other COX inhibitors might also increase cardio-
vascular risk, depending upon the relative COX-2–to–COX-1 selec-
tivity.56,57 The precise mechanisms underlying this increased risk 
remain undefined, and it is unclear why aspirin, which inhibits the 
same enzyme, albeit via different mechanisms, is beneficial. These 
differences might relate to inhibition of vascular PGI2 and perhaps 
renal COX, which in turn could promote sodium retention and 
blood pressure elevation and worsen cardiovascular outcome. As 
previously mentioned, the downstream products and their recep-
tors are myriad, so the in vivo actions of these agents are complex 
and difficult to predict. Nevertheless, NSAIDs other than aspirin 
should be used sparingly in patients with known cardiovascular 
diseases and currently have no role in preventing cardiovascular 
events.

Prostacyclin Analogs as Therapeutic Agents
Given its potent vasodilator effects, there is enormous interest in 
therapeutic use of PGI2 and its analogs. Several preparations have 
been developed. The most commonly employed are epoprostenol, 

a freeze-dried synthetic preparation of PGI2, and the PGI2 analogs 
iloprost, treprostinil, and beraprost. These agents have become a 
mainstay of treatment for PAH. Epoprostenol was initially approved 
for treatment of PAH following a 12-week trial in 81 patients 
 prospectively randomized to either epoprostenol or  conventional 
therapy.58 Among those treated with epoprostenol, there was 
improvement in exercise capacity and a decline in PAP.  This was 
in contrast to those receiving conventional therapy, in whom walk 
time decreased and PAP increased. Patients treated with epopros-
tenol had greater symptomatic improvement, and most strikingly  
in this small study, eight patients died, all in the conventional ther-
apy group. A second study showed that epoprostenol improved  
exercise duration and lowered PAP in patients with PH associ-
ated with scleroderma.59 Interestingly, these subjects showed a 
trend toward improvement of digital ulcers, suggesting that sys-
temic vasodilation caused by this drug might also be beneficial. 
Subsequent long-term follow-up in large registries have confirmed 
a beneficial effect of continuous intravenous epoprostenol in PAH.

A downside of epoprostenol therapy is that it requires chronic 
central line placement, which is accompanied by risk of  infection 
that might be related in part to prostanoid-mediated immunosup-
pression. The drug also often requires up-titration to overcome 
tachyphylaxis and is expensive.60 Owing to its short half-life, there 
is rebound PH that develops shortly after discontinuing the drug, 
which can have serious consequences. Common side effects 
include headaches, occasional cases of thyrotoxicosis, nausea, 
jaw pain, thrombocytopenia (in up to 34% of patients), flushing, 
skin rash, anorexia, arthralgias, and myalgias.

For the reasons mentioned, PGI
2 analogs (i.e., iloprost, treprosti-

nil, beraprost) have been developed. These have longer half-lives 
and can be given intravenously, subcutaneously, via nebulizer, and 
in some cases orally. Numerous studies have shown that these 
improve exercise tolerance and quality of life, either alone or in 
combination with endothelin blockade and PDE5 inhibitors in 
patients with PAH. The subcutaneous and, intravenous forms of 
administration are frequently complicated by local pain, indura-
tion, and inflammation at injection sites. Inhaled forms avoid these 
complications but require frequent administration. Despite their 
limitations, these agents improve hemodynamics, increase exercise 
tolerance, and enhance quality of life.

Although these agents are potent vasodilators and have the 
potential to reduce pulmonary vascular resistance (PVR), it 
is actually unclear as to how they impart therapeutic benefit. 
Hemodynamic studies have shown that the decrease in pulmo-
nary pressure following inhalation therapy is brief and unlikely 
to account for sustained benefit. Moreover, the pulmonary vascu-
lature in these patients is often extensively occluded, questioning 
the potential benefit of vasodilation. These agents enhance RV 
 performance, and they might decrease fibrosis and thrombosis 
within the pulmonary vasculature.

There is also lack of consensus on how to use these agents, which 
agents to use, and what dosing regimen is optimal.48 As  discussed 
elsewhere in this chapter, these agents are often used in conjunc-
tion with PDE5 inhibitors and endothelin-1 (ET-1) receptor antago-
nists, again without uniformity across various centers.

Sympathetic and Parasympathetic 
Nervous Systems
Abrupt changes in blood pressure are buffered by the sympa-
thetic and parasympathetic nervous system (Fig. 6-6). The barore-
flex response helps integrate blood pressure detection and CNS 
response, and impairment of this response produces profound 
orthostatic intolerance and inability to maintain upright posture.61 
Increased blood pressure stimulates baroreceptors located in the 
carotid sinus and aortic arch, which transmit their signals to the 
nucleus tractus solitarius in the CNS. The transmitted signal inhib-
its sympathetic outflow from the rostral ventrolateral medulla 
(RVLM). Sympathetic efferent preganglionic axons extend to the 
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sympathetic ganglion, where acetylcholine serves as the prin-
cipal  neurotransmitter to postganglionic nicotinic receptors. 
Postganglionic sympathetic fibers extend to effector organs such 
as the heart and vasculature and release norepinephrine (NE) to 
produce vasoconstriction and increased contractility. The adre-
nal medulla is innervated directly by preganglionic sympathetic 
neurons and releases both NE and epinephrine into the circula-
tion. At the same time, the reflex activates parasympathetic system 
and reduces heart rate via innervation of the cardiac conduction 
 system. Therefore, the net effect of an abrupt increase in blood 
pressure is inhibition of the sympathetic system and activation of 
the parasympathetic nervous system.

Vascular Parasympathetic System
Postganglionic parasympathetic fibers release acetylcholine, 
which stimulates muscarinic and nicotinic receptors. Most blood 
vessels lack parasympathetic innervation, although some notable 
exceptions exist (e.g., coronary arteries), and the physiological 
role of endogenous acetylcholine in vasodilation is uncertain.62 
The vasculature does contain muscarinic receptors and responds 
to exogenously administered acetylcholine or mimetics (e.g., 
methacholine). Exogenous acetylcholine dilates blood vessels 
by its actions on the vascular endothelium, but it produces vaso-
constriction if the endothelial layer is injured or removed. This 
 discovery demonstrated the importance of the endothelium as an 
active  participant in vascular reactivity and eventually led to the 
 discovery of endothelium-derived relaxing factors (e.g., NO, PGI2.

63 
Patients with cardiovascular disease exhibit an impaired vasodila-
tory response to acetylcholine (endothelial dysfunction) but often 
have a normal response to direct vasodilators such as nitroprus-
side. Impaired vascular reactivity in both the coronary and forearm 
vasculature predicts future cardiovascular events,64,65 and the endo-
thelium-dependent response may be improved with drug therapy, 
exercise, or risk factor modification (e.g., smoking cessation).66–68

Acetylcholine receptors (AchRs) are classified by their abil-
ity to respond to either muscarine (M1-M5) or nicotine (nAchR). 
Muscarinic receptors are classic G protein–coupled receptors 
(GPCRs), coupled to Gi, which inhibits cAMP production. Nicotinic 
AchRs are ligand-gated voltage channels. Vascular M1, M2, and M3 
receptors have been described and produce vasodilation via 
endothelial, or vasoconstriction via VSMC, receptors69 (Table 6-2). 
Acetylcholine is a nonselective agonist; there are no clinically avail-
able subtype-selective agents, although a number of investigational 
drugs exist. Methacholine is frequently used in clinical research 
because of its longer half-life and stability. Atropine is a nonselec-
tive muscarinic antagonist used mainly to increase heart rate by 
its effects on cardiac M

2 and M3 receptors. Muscarinic receptors 
are also located on postsynaptic sympathetic nerve terminals 
and inhibit NE release. Peripheral neuronal nicotinic AchRs (NN) 
transmit sympathetic impulses in autonomic ganglia and adrenal 
medulla to stimulate NE and epinephrine release. Trimethaphan 
inhibits NN and was one of the earliest antihypertensive agents 
available, although it is no longer used, owing to resulting severe 
autonomic impairment and intolerable side effects.

Adrenergic Receptors and Agonist Selectivity
Sympathetic postganglionic neurons richly innervate the vas-
culature and release NE, whereas the adrenal medulla secretes 
epinephrine in addition to NE. These catecholamines activate 
adrenergic receptors, which are classic seven-transmembrane 
receptors coupled to G proteins. They are further classified as 
either α (α

1 and α2) or β receptors (β1, β2, and β3). α-Receptor 
subtypes have also been identified (α1A, α1B, α1D, α2A, α2B, and α2C), 
although no subtype-specific antagonists are available. Their phys-
iological effects have been determined in part by the study of 
receptor knockout models.70,71 In general, α1 is coupled to Gq (stim-
ulation of phospholipase C/D/A2), α2 to Gi (inhibition of adenylate 
cyclase), and β-receptors to Gs (stimulation of adenylate cyclase).
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Distribution of tissue adrenergic receptors is a major determi-
nant of the agonist response because they are relatively nonse-
lective for epinephrine and NE (see Table 6-2). Vascular smooth 
muscle cells (venous, arterial, and arteriolar) are richly innervated 
by sympathetic nerve terminals and possess adrenergic recep-
tors (α1, α2, and β2). These receptors can have opposing actions 
within the vasculature, as demonstrated by α-mediated vasocon-
striction and β2-mediated vasodilation, and the vascular response 
is determined by the  relative activation of α1, α2, and β2 receptors. 
Vascular α1 receptors produce vasoconstriction, whereas presyn-
aptic α2 receptors  suppress NE release. Cardiovascular β1 recep-
tors are expressed primarily within the cardiac conduction system 
and cardiomyocytes, rather than in the vascular bed. However, vas-
cular β1 receptors mediate vasodilation within coronary arteries 
and stimulate renin secretion in the renal juxtaglomerular appara-
tus.72 The β3 receptor is primarily expressed on adipocytes, where it  

stimulates lipolysis; β3 receptors may  counteract adrenergic stimu-
lation via β1 receptors in cardiac myocytes and contribute to con-
trol of vasodilation by vascular ECs.

Pharmacological Interruption of Catecholamine 
Metabolism
Catecholamine metabolism is an important target of therapeutic 
drugs and other chemical agents. Catecholamines are produced 
locally within the sympathetic neurons by metabolism of tyro-
sine (Fig. 6-7) to dopamine. Dopamine is concentrated into vesi-
cles via vesicular monoamine transporters. Once in the vesicles, 
dopamine is converted into NE. Norepinephrine is then secreted 
and activates adrenergic receptors, provides positive or nega-
tive feedback, or is taken back up into the cell via NE transporter 
(NET). Norepinephrine transporters and similar transporters also 

RECEPTOR TISSUE ACTION AGONIST ANTAGONIST

α
1

VSMC Vasoconstriction Phenylephrine
Methoxamine
Midodrine
Amphetamine

Phenoxybenzamine
Phentolamine
Tolazoline
α-Blockers
Vasodilator β- blockers

α
2A

Sympathetic nerve terminal Inhibition of NE release Clonidine
α-Methyldopa
Dexmedetomidine
Guanabenz
Guanfacine
Tizanidine

Phentolamine
Tolazoline
Phenoxybenzamine
Yohimbine
Rauwolfia alkaloids
Piperazine

α
2B

VSMC
Placental vasculature

Vasoconstriction
Placental angiogenesis

Oxymetazoline
Etomidate

α
2C

VSMC
Adrenal medulla

Vasoconstriction
Inhibition of NE/E release

Oxymetazoline

β
1

Cardiac conduction system Increased heart rate Isoproterenol β-Blockers
Cardiac myocytes
Coronary arteries

Increased contractility
Vasodilation

Dobutamine

Kidney: afferent arteriole Stimulation of renin release

β
2

VSMC Vasodilation Isoproterenol
Terbutaline
Ritodrine

β-Blockers

β
3

Cardiac myocytes
Vascular ECs

Decreased contractility
Vasodilation

M
1

Vascular endothelium
VSMC
Sympathetic neurons

Vasodilation
Vasoconstriction
Stimulate NE release

Acetylcholine
Muscarine
Methacholine
Carbachol
Arecoline
Mc-N-A-343

Atropine
Pirenzepine
Telenzepine

M
2

VSMC
Sympathetic neurons
Cardiac conduction system

Vasoconstriction
Inhibit NE release
Slow conduction

Acetylcholine
Muscarine
Methacholine
Carbachol
Arecoline
L-660,863

Atropine
AF-DX-116
AQ-RA 741
Methoctramine
BIBN 99

M
3

Vascular endothelium
VSMC
Cardiac conduction system

Vasodilation
Vasoconstriction
Slow conduction

Acetylcholine
Muscarine
Methacholine
Carbachol
Arecoline

Atropine
4-DAMP
p-F-HHSiD
HHSiD

M
4

Sympathetic neurons Inhibit NE release Acetylcholine
Muscarine
Methacholine
Carbachol
Arecoline

Atropine

TABLE 6-2 Vascular Adrenergic and Muscarinic Receptor Actions

EC, endothelial cell; NE, norepinephrine; VSMC, vascular smooth muscle cell.
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transport other neurotransmitters such as epinephrine, dopa-
mine, and serotonin. Norepinephrine is metabolized via mono-
amine oxidases (MAO-A and MAO-B) after reuptake into the cell, 
or by catechol-O-methyltransferase (COMT) after diffusion into 
the circulation.

Pharmacological agents that affect this pathway are used 
 clinically for treatment of hypertension, depression, and move-
ment disorders. Reserpine blocks vesicular dopamine/NE trans-
port and depletes NE from the nerve terminals. Guanethidine 
is an antihypertensive agent that is taken up into vesicles, dis-
places NE, and reduces NE release during long-term therapy. 
Many herbal, over-the-counter, or illicit medications act by stimu-
lating NE release (e.g., amphetamine, pseudoephedrine), activat-
ing adrenergic receptors (phenylephrine), or acting via mixed 
mechanisms (ephedrine). Cocaine and tricyclic antidepressants 
block NE reuptake into the cell and may transiently increase NE 
and produce hypertension. Antidepressant medications such 
as selective serotonin reuptake inhibitors (SSRIs) act similarly, 
and may also nonselectively block NET. Sibutramine is a non-
selective serotonin reuptake/NET inhibitor previously used for 
appetite suppressant effects, but it has been withdrawn from 
the market because of increased risk of cardiovascular events. 
Monoamine oxidase inhibitors (MAOIs) are occasionally used 
to treat depression and can cause marked hypertension dur-
ing ingestion of tyramine-containing foods, which stimulates NE 
release. COMT inhibitors and dopa are used to treat  movement  
disorders and can cause orthostatic hypotension and blood 
 pressure dysregulation.

Many weight-loss supplements, decongestant  preparations, and 
herbal supplements act as α1-agonists (direct  sympathomimetics) 

or stimulate release of catecholamines (indirect sympathomi-
metics).73–75 Whereas epinephrine and NE are rapidly metabo-
lized via COMT, many synthetic sympathomimetic drugs are 
resistant to this effect, and are therefore effective when ingested 
by mouth. Ephedra (or ma huang) is a sympathomimetic herbal 
extract used for asthma treatment, weight loss, and enhanced 
athletic performance. It can cause severe hypertension, cardio-
vascular events, and even death in young, apparently healthy 
individuals. Caffeine coadministration likely exacerbates ephe-
dra-related complications.76 Performance athletes or enthusias-
tic weight lifters may also take sympathomimetic supplements, 
which comprise many of the medications banned by the World 
Anti-Doping Agency.74

Adrenergic Agonists and Antagonists
Vascular α- and β-receptor agonists and antagonists are listed in 
Table 6-2, and their vascular actions can generally be inferred from 
the respective receptor actions. Physiological effects of endog-
enous and synthetic catecholamines are complex because they 
activate multiple receptors, exhibit dose-dependent responses, and 
activate compensatory reflexes.

Epinephrine is primarily secreted by the adrenal medulla, 
where it constitutes roughly 80% of total catecholamine content. 
Depending on the dose and route of administration, epineph-
rine may produce divergent vascular responses (Table 6-3). Acute 
intravenous administration produces marked vasoconstriction, 
tachycardia, and elevated blood pressure. Continuous infusion 
or subcutaneous administration of epinephrine increases heart 
rate and cardiac contractility, systolic blood pressure, and mean 

Synaptic terminal

Effector tissue

� Clonidine,
NE, E

DA

DA

NE

NE

NE

MAO-A/B

NET

Metanephrines
COMT

Cocaine, NET inhibitors

DD TH
Dopa Tyrosine

Guanethidine
ReserpineD�H

�/� receptors

�1

�2

FIGURE 6-7 Norepinephrine (NE) release and reuptake. NE is released from the sympathetic nerve terminal and can signal via vascular α or β receptors. NE 
also provides positive and/or negative feedback. NE is rapidly taken back up into the nerve terminal via NE transporters (NETs) and can be recycled into granules or 
metabolized via monoamine oxidase (MAO). Metabolism and/or receptor signaling can be interrupted at multiple steps in the pathway. COMT, catechol-O-methyl 
transferase; DA, dopamine; DβH, dopamine β-hydroxylase; DD, dopamine decarboxylase; E, epinephrine; TH, tyrosine hydroxylase.
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 arterial blood pressure. Diastolic blood pressure is affected to a 
lesser extent, resulting in a marked increase in pulse pressure. At 
lower doses, epinephrine reduces vascular resistance secondary 
to β2-receptor stimulation and vasodilation, which may reduce 
blood pressure. Epinephrine is commonly used to treat anaphylac-
tic reactions, bronchoconstriction, and refractory bradycardia and 
hypotension. Epinephrine is less often used than NE for treatment 
of septic shock because of tachycardia and concerns for worsened 
splanchnic ischemia compared to other agents.

Norepinephrine produces vasoconstriction with lesser direct 
cardiac effects and β

2 activity than epinephrine, which increases 
both blood pressure and peripheral vascular resistance. Heart 
rate decreases due to the baroreflex response. Norepinephrine 
is useful for treating hypotension refractory to fluid resuscita-
tion (e.g., septic shock). Although there is debate regarding the 
optimal vasopressor in septic shock, NE has proven as effective 
as comparable agents, possibly with fewer complications.77–81 
Norepinephrine appears to produce less splanchnic vasoconstric-
tion and intestinal ischemia than epinephrine or phenylephrine.

Isoproterenol is a nonselective β1/β2 agonist that is commonly 
used to increase heart rate for treatment of sinus bradycardia or 
torsades de pointes. Although its predominant effect is to increase 
heart rate, vasodilation is also produced by vascular β2 receptors. 
Dobutamine is more β1 selective and is used for its relative  selective 
effects on cardiac contractility.

a1-Antagonists
Most clinically available α-antagonists are α1-selective and pro-
duce vascular relaxation, vasodilation, and reduction in blood 
pressure (Table 6-4). These agents are most commonly used for 
treatment of urinary retention in prostatic hypertrophy because 
of their inhibitory actions on the prostatic urethra smooth muscle. 
They are therefore useful for hypertension treatment in patients 
with concomitant chronic urinary retention. Side effects are nasal 
congestion, fatigue, and those in common with other vasodilators 
(peripheral edema, reflex tachycardia, and postural hypotension).  
The major dose-limiting side effects are postural hypotension 
and fluid retention. α-Blockers have also been linked to the rare 
occurrence of “intraoperative floppy iris syndrome,” which may 
result in permanent vision loss after eye surgery. α-Blockers are 
not generally recommended as hypertension monotherapy, 
owing to side effects and increased occurrence of cardiovascu-
lar events, compared to the thiazide diuretic chlorthalidone in 
the Antihypertensive and Lipid-Lowering Treatement to Prevent 
Heart Attack Trial (ALLHAT) trial.82

Nonselective α-antagonists (phenoxybenzamine and phentol-
amine) are used primarily for preoperative treatment of pheo-
chromocytoma. Phenoxybenzamine is administered orally, 
produces irreversible inhibition, and has a long half-life, whereas 
 phentolamine is given intravenously, acts competitively, and is 

 
CLASS

DRUG  
(TRADE NAME)

T1/2  
(HOURS)

DOSE 
ADJUSTMENT

DOSE RANGE  
(TOTAL mg/DAY)

DOSING INTERVAL 
(HOURS)

Selective α
1
-antagonist Alfuzosin (Uroxatral) 10 L, R 10 24

Doxazosin (Cardura) 22 L 1-8 24
Tamsulosin (Flomax) 15 — 0.4-0.8 24
Prazosin (Minipress) 2-4 L 3-15 8-12
Silodosin (Rapaflow) 24 L, R 4-8 24
Terazosin 12 — 1-20 24

Nonselective α
1
-antagonist Phenoxybenzamine (Dibenzyline) 24 — 10-40 12-24

Phentolamine (Regitine, OraVerse) 15-30 minutes — 5-20 2-4

α
2
-Agonist Clonidine (Catapres) 4 — 0.3-0.9 6-8

Guanfacine (Tenex) 16 — 0.5-2 24
Guanabenz 10 L 4-32 12
Methyldopa (Aldomet) * R 250-3000 8-12

TABLE 6-4 α-Agonists and Antagonists

L, liver failure; R, renal failure; T
1/2

, half-life (includes active metabolites as appropriate).

RECEPTOR EPI NE DA* ISOPROTERENOL DOBUTAMINE PHENYLEPHRINE

α
1

+++ ++ +++ + ↔ +++

α
2

+++ ++ ↔ + ↔ ↔

β
1

++ ++ +++ +++ +++ ↔

β
2

++ +/↔ + +++ +/↔ ↔

Physiological Effects

HR ↑↑ ↓ ↑↑ ↑ ↑↑ ↔/↓

SBP ↑ ↑↑ ↑ ↔/↑ ↔/↓ ↑↑

MAP ↔/↑ ↑↑ ↑ ↓ ↔/↓ ↑↑

DBP ↑/↔/↓ ↑ ↑ ↓ ↔/↓ ↑↑

CO ↑↑ ↔/↓ ↑↑ ↑↑ ↔/↓

PVR ↔/↓ ↑↑ ↔/↑ ↓↓ ↓ ↑↑

TABLE 6-3 Receptor Activity and Hemodynamic Effects of Commonly Used Adrenergic Agonists

+ Indicates degree of receptor activation, and ↔ indicates minimal effect.
CO, cardiac output; DA, dopamine; DBP, diastolic blood pressure; EPI, epinephrine; HR, heart rate; MAP, mean arterial pressure; NE, norepinephrine; PVR, peripheral vascular resistance; SBP, systolic 
blood pressure.

*Dopamine effects are dose-dependent. Effects at maximal dose are presented.
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rapidly cleared. When used for treatment of pheochromocytoma, 
α-blockade should be achieved before starting β-blockers because 
of the risk of unopposed α-receptor activation during β-blocker 
monotherapy. Some β-blockers also have α-blocking effects  
(e.g., carvedilol, labetalol), but they should not be used for sole 
 therapy of  pheochromocytoma or cocaine overdose because of 
the relatively low-potency α effects.

a1-Agonists
Activation of the α1 receptor stimulates vascular smooth muscle 
contraction and vasoconstriction. These agents are most com-
monly used in over-the-counter sinus preparations to treat nasal 
congestion. Phenylephrine is commonly used for treatment of 
hypotension in intensive care settings because of its relatively 
selective vascular effect without increasing heart rate.

a2-Agonists
Activation of the α2 receptor within the CNS provides nega-
tive feedback inhibition of sympathetic activity and NE release. 
Clonidine and other α2-agonists (see Table 6-4) suppress sympa-
thetic and increase parasympathetic activity by actions within the 
CNS. Evidence for the central effect is obtained from in vivo stud-
ies demonstrating no effect of clonidine after spinal cord transec-
tion. Clonidine can also produce vasoconstriction via activation 
of peripheral α2B receptors, although this usually only occurs after 
intravenous administration or accidental overdose.83 However, this 
effect may be evident after oral clonidine administration in some 
patients with autonomic dysfunction.84 Methyldopa is metabo-
lized similarly to NE and acts as a false transmitter and α2-agonist. 
Methyldopa is commonly used in pregnancy for its history of safety, 
and also remains an effective alternative in resistant hypertension. 
Other α2-agonists, such as tizanidine and dexmedetomidine, are 
used for their sedative effects but may affect blood pressure regu-
lation as a side effect. Etomidate is a sedative with pressor effects 
that appear to be mediated via α2B.

All α2-agonists can produce sedation, fatigue, dry mouth, bra-
dycardia, and orthostatic hypotension. Transdermal clonidine fre-
quently produces localized skin irritation due to the adhesive, 
rather than a drug reaction. Methyldopa carries additional risks of 
hepatic dysfunction, hemolytic anemia, lupus-like syndrome, and 
thrombocytopenia. Long-term use of clonidine results in recep-
tor hypersensitivity and rebound hypertension due to exagger-
ated sympathetic discharge after abrupt drug withdrawal. This 
syndrome is accompanied by sympathetic hyperactivity and can 
be minimized by gradual taper or treated with combined α- and 

β-blockade. Methyldopa is less likely to produce rebound, owing to 
the longer half-life of active metabolites, but caution should still be 
used when stopping this drug.

α2-Antagonists
Antagonists of α2-receptors are infrequently used in clinical prac-
tice but have a few specific clinical applications. Yohimbine is an 
α2-antagonist that increases sympathetic activity in patients with 
orthostatic hypotension and may also be useful for treatment of 
ED. Subtype-specific antagonists are not available. Although these 
drugs are not available commercially, herbal  supplements with  
α2-antagonist activity are  commonly available.

b-Adrenergic Antagonists
Historically, β-adrenergic antagonists (β-blockers) have been clas-
sified by receptor subtype specificity and intrinsic sympathomi-
metic activity (ISA). In addition, some β-blockers also inhibit α1 
receptors, producing a vasodilatory effect. Intrinsic sympathomi-
metic activity reflects the drug's ability to activate receptors when 
administered in the absence of any endogenous sympathetic activ-
ity (e.g., sympathetic denervation). This effect likely reflects the rel-
ative stabilization of the inactive/active receptor conformations as 
discussed in the pharmacodynamics section. Drugs with ISA tend 
to produce less bradycardia and may directly reduce vascular 
resistance, although evidence that this translates into hard clini-
cal outcomes remains debatable. Analyses suggest that β-blockers 
with ISA do not reduce cardiovascular mortality and may actually 
worsen outcomes.85

Drugs with β-blocking ability are summarized in Table 6-5. 
Propranolol was the first clinically available β-blocker, and is non-
selective. Second-generation agents offer increased β1 selectivity. 
Recently, vasodilatory β-blockers entered the market and produce 
additional blood pressure lowering effects via α1 blockade and 
possibly via β3 activation.86 β-Blockers are commonly used to treat 
hypertension, acute MI, heart failure, angina, and supraventricu-
lar arrhythmias. In acute MI, atenolol reduces in-hospital mortal-
ity by 15%, although benefit with prolonged therapy is less well 
 established. Perioperative β-adrenergic blockade also reduces 
 in-hospital mortality in patients with high cardiovascular risk.85

In the past, β-blockers were withheld in patients with systolic 
heart failure, owing to concerns of worsening contractile func-
tion and intolerance. However, the observation that the sympa-
thetic nervous system is activated in severe heart failure and 
predicted mortality supported the concept of sympathetic 
blockade in CHF.87 Randomized clinical trials have definitively 

 
CLASS

 
DRUG (TRADE NAME)

 
ISA

T1/2  
(HOURS)

DOSE 
ADJUSTMENT

DOSE RANGE  
(TOTAL mg/DAY)

DOSING INTERVAL 
(HOURS)

Nonselective 
β

1
/β

2
-antagonists

Propranolol (Inderal) — 3-6 L 20-240 8-12
Nadolol (Corgard) — 10-24 L, R 40-320 24
Pindolol (Visken) ++ 3-4 L, R 10-60 12
Penbutolol (Levatol) + 5 — 10-40 24
Sotalol* (Betapace) — 12 R 80-240 24

Selective 
β

1
-antagonists

Acebutolol (Sectral) + 8-13 R 200-800 12
Atenolol (Tenormin) — 7 R 25-100 12-24
Betaxolol (Kerlone) — 14-22 L, R 5-20 24
Bisoprolol (Zebeta) — 9-12 R 2.5-20 24
Esmolol (Brevibloc) — 9 min — 150-300 μg/kg/min Continuous infusion
Metoprolol (Toprol, Lopressor) — 3-8 L 25-400 12
Nebivolol (Bystolic) — 10-36 L, R 5-40 24

Nonselective 
β

1
/β

2
/α

1
-antagonists

Carvedilol (Coreg) — 7-10 L 6.25-80 12
Labetalol (Normodyne, Trandate) + 6-8 — 200-800 12

TABLE 6-5 β-Blockers

ISA, intrinsic sympathomimetic activity; L, liver failure; R, renal failure; T
1/2

, half-life (includes active metabolites as appropriate).

*Sotalol has additional potassium channel blocking effects.
"+"just refers to the presence and strength of intrinsic sympathomimetic activity.



87

CH 
6

VA
sC

u
lA

R PH
A

R
m

A
C

o
lo

g
y

 demonstrated that metoprolol, bisoprolol, and carvedilol improve 
systolic function and reduce mortality in CHF. These agents 
should be  introduced gradually and titrated upwards as tolerated 
in patients with severe CHF.

All β-blockers can produce side effects related to their mecha-
nism of action (bradycardia, heart block, hypotension). β-Blockers 
can also worsen hyperglycemia (especially when combined 
with thiazide diuretics) or blunt the compensatory response to 
hypoglycemia. They should not be used as primary treatment for 
pheochromocytoma, cocaine intoxication, clonidine-withdrawal 
hypertension, or other hyperadrenergic crises, owing to the pos-
sibility of unopposed α-receptor activation. Sotalol is a unique 
β-blocker with antiarrhythmic effects due to potassium chan-
nel blocking activity, which requires close monitoring for QT 
 prolongation and proarrhythmia.

Dopamine and Dopaminergic Agonists
Dopamine is endogenously produced in both peripheral and 
central neuronal cells and in the adrenal gland via the action 
of dopa decarboxylase on dopa (see Fig. 6-7). Dopamine acts on 
one of 5 G protein–linked receptors, termed D1 through D5, which 
are further classified into two major groups termed D1 and D2. 
The D1 class of dopamine receptors, D1 and D5, are Gαs-linked 
receptors that activate adenylyl cyclase; the D2 class receptors 
are linked to Gαi/o and inhibit adenylyl cyclase. Perturbations of 
dopamine signaling in the CNS have been linked with a variety 
of disorders, including Parkinson's disease, Huntington's disease, 
Tourette's syndrome, schizophrenia, and major depression. In 
addition to CNS receptors, dopamine receptors are widely pres-
ent in peripheral tissues including the kidney, gastrointestinal 
tract, heart, adrenal glands, and vasculature. Dopamine receptor 
signaling has recently been reviewed in depth.88

The predominant clinical use of dopamine has been for circu-
latory support in critically ill patients in settings such as shock or 
the postoperative period. The clinical response to dopamine is 
complex and depends on the dose. At low doses (1-4 μg/kg/min), 
often referred to as “renal doses,” dopamine acts on D1-like recep-
tors and β-adrenergic receptors to promote renal arterial vaso-
dilation and improve renal blood flow. As the dose is increased, 
dopamine begins to exert greater effects at β- and α-adrenergic 
receptors, and the α-adrenergic effects begin to predominate at 
doses exceeding 10 μg/kg/min. There is also substantial variabil-
ity in these responses, such that the precise effect of dopamine  
in an individual patient is difficult to predict. The potential 
increase renal blood flow, due to D1-like receptor activation, 
has not proven to have  significant clinical benefit. Recent clini-
cal trials have shown no benefit of dopamine over NE infusion 
in patients with septic shock, with substantially more cardiac 
arrhythmias and sinus tachycardia caused by dopamine.89,90

Owing to the mixed effects of dopamine on multiple recep-
tors, agonists have been developed that have greater specificity for 
D1-like receptors, and therefore would serve as potent vasodilators 
with limited off-target effects. Fenoldopam is such an agent that has 
been approved by the FDA for treatment of severe hypertension. 
This agent is a potent vasodilator with rapid onset of action that pro-
duces dose-dependent reductions in blood pressure when adminis-
tered intravenously to patients with hypertension. It is devoid of the 
α- and β-adrenergic effects of dopamine, so less prone to cause off-
target effects. Early studies showed that it preferentially increased 
renal plasma flow, in keeping with preferential dilation of the renal 
vasculature, and dramatically enhanced renal sodium excretion.

Despite these potentially beneficial effects of fenoldopam, 
its clinical use in severe hypertension remains limited, largely 
because several other drugs are quite effective. In prior clinical tri-
als, fenoldopam showed no benefit over sodium nitroprusside in 
lowering blood pressure,91 and it is considerably more expensive.

Based on its ability to enhance renal perfusion and sodium 
excretion, fenoldopam has been used as a renal protectant in 
critically ill patients. A recent meta-analysis of 16 randomized  

trials involving 1290 patients indicated that fenoldopam reduced 
the need for renal replacement therapy, in-hospital mortality, and 
length of stay in the intensive care unit in postoperative or criti-
cally ill patients.92 Similar results were obtained from a meta-
analysis of patients undergoing cardiovascular surgery.93 Such 
analyses can be flawed by publication bias, and prospective trials 
are needed to establish a benefit of fenoldopam in this setting.

There was initial enthusiasm for use of fenoldopam to prevent 
contrast-induced nephropathy. However, a rigorous randomized 
prospective trial showed no benefit of this agent in preventing 
changes in renal function in patients undergoing angiography pro-
cedures,94 and its use in this setting is no longer recommended. 
Dopexamine, which is a combined D1-like and β2-adrenergic 
 agonist, has been studied in a variety of settings involving criti-
cally ill patients, but it has not proven beneficial in randomized 
 prospective trials.95,96

Vascular Potassium and Calcium 
Channels
Direct vasodilators reduce blood pressure by acting on vascular 
smooth muscle and ultimately impair myosin light chain phos-
phorylation and contraction (see Fig. 6-1). Minoxidil, for example, 
activates KATP channels, which hyperpolarizes the cell and prevents 
calcium entry and contraction.97,98 Channel blocking agents are 
presented in Table 6-6.

Calcium channel blockers (CCBs) decrease intracellular cal-
cium entry via the L-type calcium channels on the vasculature 
and cardiac conduction system. L-type calcium channels are 
located on cardiac myocytes, vascular smooth muscle, and the 
cardiac conduction system. Blockade of these channels reduces 
cardiac and vascular smooth muscle contraction and slows con-
duction. Calcium channel blockers can be classified broadly as 
dihydropyridines (DHP; e.g., amlodipine, nifedipine) and non- 
dihydropyridines (verapamil and diltiazem). Dihydropyridines are 
more potent vasodilators than non-DHP, whereas verapamil and dil-
tiazem also slow cardiac conduction.

Dihydropyridines produce relatively selective vascular effects 
in vivo and do not significantly slow cardiac conduction. In some 
patients, vasodilation may produce reflex tachycardia and vasodi-
latory edema. This may cause tachycardia and rarely precipitate 
angina, especially if given acutely. The rapid hypotensive effect 
of immediate-release nifedipine, particularly when given sublin-
gually, can actually increase cardiovascular events and should 
be avoided by using only slow-release formulations.99 In contrast, 
long-acting DHPs have a good safety profile and reduce hyperten-
sive complications.97 Because multiple other agents have proven 
effectiveness in CHF, and CCBs may worsen cardiac function, they 
should not be used in this class of patients. Vasodilatory edema 
during treatment with CCBs is typically refractory to diuretic treat-
ment, but the incidence is reduced by concomitant treatment with 
an angiotensin-converting enzyme inhibitor (ACEI) or angiotensin 
receptor blocker (ARB).

Verapamil and diltiazem slow cardiac conduction in addition to 
their vasodilatory effect, and are frequently used for control or pre-
vention of supraventricular arrhythmias. These agents also impair  
cardiac contractility and should be avoided in patients with impaired 
systolic function. Both drugs also inhibit CYP3A4, and attention to 
avoid significant drug interactions is needed. In particular, caution 
should be given to patients receiving statins, owing to increased risk 
of rhabdomyolysis. Vasodilatory edema occurs less often than with 
DHPs. All CCBs may produce constipation.

Because of their frequent side effects, minoxidil and hydrala-
zine are direct vasodilators typically reserved for refractory hyper-
tension.100 Minoxidil acts on the sulfonylurea receptor-2 (SUR2) 
component of the KATP channel in VSMCs, and in turn increases K+ 
flux, hyperpolarizes the cell, and produces vasodilation. Although 
 sulfonylurea drugs (e.g., glibenclamide, glyburide, glipizide) stim-
ulate insulin secretion via opposite effects on SUR1,  evidence 
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that they cause vasoconstriction via SUR2 in vivo is  lacking.  
Hydralazine is a direct vasodilator, although the exact mecha-
nism of action is poorly understood. Minoxidil is more effective 
than hydralazine and can be effective in patients who have not 
responded to hydralazine. They must be administered with a rate-
controlling agent and diuretic to prevent reflex tachycardia and 
fluid retention, which limit their antihypertensive effectiveness. 
Minoxidil may worsen LV hypertrophy despite adequate hyper-
tension control, in part because of these compensatory responses. 
During long-term use, excessive hair growth also occurs and is 
particularly worrisome to female patients. Hydralazine may also 
produce a lupus-like syndrome. Both drugs may also produce peri-
cardial or pleural effusions. Reflex sympathetic activation may pre-
cipitate cardiac ischemia in some patients. Use of these agents in 
the setting of acute aortic dissection should be avoided because 
of reflex sympathetic activation. Hydralazine has been approved 
for treatment of heart failure in African Americans in combination 
with a nitrate, as discussed earlier.12

Renin-Angiotensin-Aldosterone System

Regulation of the Renin-Angiotensin-
Aldosterone System
The renin-angiotensin-aldosterone system (RAAS) is highly coor-
dinated to maintain blood volume and blood pressure, and is of 
major importance during sodium and/or fluid depletion (Fig. 6-8). 
The RAAS is stimulated under pathological conditions that cause 
reduced renal perfusion, such as heart failure, aortic coarctation, 
or renal artery stenosis. In addition, this system is inappropriately 
activated in obesity and diabetes.

Renin secretion by renal juxtaglomerular cells, the rate-limit-
ing step in the RAAS cascade, is stimulated by reduced sodium 
chloride delivery to the macula densa, reduced renal perfusion 
pressure, and sympathetic stimulation.101 Upon release into the 
circulation, renin cleaves circulating angiotensinogen to angio-
tensin (Ang-I). Although Ang-I is inactive, it is rapidly converted 
into Ang-II by angiotensin-converting enzyme (ACE), which is 
abundantly expressed within the pulmonary vasculature and 
to a lesser extent in the peripheral circulation. In addition to 
the endothelial membrane-bound form, ACE also circulates in 
a soluble form. Angiotensin-II is a potent vasoconstrictor, acting 
directly on the Ang-II type 1 receptors (AT

1) on VSMCs. Within 
the kidney, Ang-II acts upon the renal afferent and efferent arte-
riole, to a greater extent on the efferent arteriole. During periods 
of volume depletion, this efferent selectivity serves to preserve 
glomerular filtration by increasing  intraglomerular pressure. 
Angiotensin-II also stimulates aldosterone secretion from the 

adrenal gland. Aldosterone  reinforces the vasoconstrictor effect 
of Angiotensin-II by increasing renal sodium reabsorption and 
expanding intravascular volume via the mineralocorticoid 
receptor (MR) in principal cells of the kidney and activation of 
the epithelial sodium channel (ENaC). Angiotensin-converting 
enzyme is the principal metabolizing enzyme for a number of 
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FIGURE 6-8 The renin-angiotensin-aldosterone system (RAAS). ACE, 
angiotensin-I converting enzyme; Ang, angiotensin; AT

1
, angiotensin-II type 1 

receptor; ENaC, epithelial sodium channel; MR, mineralocorticoid receptor.

 
CLASS

 
DRUG (TRADE NAME)

 
T1/2(HOURS)

DOSE 
ADJUSTMENT

DOSE RANGE 
(TOTAL mg/DAY)

DOSING INTERVAL  
(HOURS)

Ca2+ CCB: DHPs Amlodipine (Norvasc) 40-50 L 2.5-10 24
Felodipine (Plendil) 11-16 L 30-120 12-24
Isradipine (DynaCirc) 8 R 2.5-10 12
Nicardipine (Cardene) 11.5 — 60-120 8
Nifedipine (Adalat, Procardia) 2-5 L 30-120 12-24
Nimodipine (Nimotop) 2.8 L 180-360 4
Nisoldipine (Sular) 15 L 20-60 24

Ca2+ CCB: non-DHPs Diltiazem (Cardizem, Dilacor, Tiazac) 3-5 L 120-480 24
Verapamil (Calan, Isoptin) 8-12 L, R 80-480 8-24

K
ATP

 openers Hydralazine (Apresoline) 2-8 R 10-300 8-12
Minoxidil (Loniten) 4 R 2.5-80
Pinacidil* 12.5-150 12

TABLE 6-6 Channel Blocking Agents

Ca2+ CCB, calcium channel blocker; DHP, dihydropyridine; K
ATP

, ATP-sensitive potassium channel; L, liver failure; R, renal failure; T
1/2

, half-life.

*Not available in the United States.
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other vasoactive peptides, notably bradykinin, which may con-
fer some of the beneficial antihypertensive and antithrombotic 
effects observed during ACE inhibition.

Receptors and Novel Mediators in RAAS 
Signaling
The AT1 and AT2 receptors are the principal Ang-II receptors in 
humans and are widely expressed, including in areas important for 
blood pressure regulation (vascular smooth muscle, kidney, adre-
nal cortex, brain). AT1 is a classic seven-transmembrane domain 
GPCR that signals via Gαq and phospholipase C, as well as other 
G protein–independent pathways.102,103 Upon Ang-II binding, angio-
tensin receptor–associated protein (ATRAP) facilitates AT1 inter-
nalization and desensitization.104 AT1 mediates the classic Ang-II 
effects including vasoconstriction, adrenal aldosterone secretion, 
and renal proximal tubule sodium reabsorption. In addition, Ang-II 
participates in a negative feedback loop in the kidney to inhibit 
renin secretion via AT1. In mice, two AT1 receptors have been iden-
tified, AT1a and AT1b, with AT1a responsible for most of the pressor 
and mitogenic effects, although a single AT1 receptor is present in 
humans.

In general, the actions of the AT2 receptor tend to oppose those 
of the AT1 receptor, although some effects are inconsistent with 
this generalization.105,106 AT2 stimulation produces vasodilation, 
in part via an increase in bradykinin and receptor heterodimer-
ization with the bradykinin receptor. AT2 has an antinatriuretic 
effect within renal tubules. However, AT2 and AT1 similarly sup-
press renin secretion. Although investigational agonists and 
antagonists for the AT2 receptor are available, these agents are not 
available clinically. Therefore, the clinical implication of the AT2 
receptor remains unproven. Angiotensin-II decreases during ACE 
inhibition but increases during AT1 antagonism. However, the AT2 
receptor remains available for Ang-II activation during chronic 
AT1 antagonism and may promote beneficial effects. This ratio-
nale has led some to argue the benefit of AT1 antagonism over 
ACE inhibition.

Aldosterone and other corticosteroids activate the MR within 
principal cells in the cortical collecting duct. Angiotensin-II, aldo-
sterone, and MR activation induce multiple proteins that coordi-
nate to increase renal sodium and water reabsorption.107–109 The 
MR is a classic nuclear receptor localized to the cytosol in its inac-
tive form, which dimerizes and translocates to the nucleus and 
activates nuclear transcription when activated. Although aldoste-
rone appears to be the critical physiological stimulus, cortisol, cor-
ticosterone, and other steroids have a similar affinity for the MR. 
However, within epithelial target tissues, 11-β-hydroxysteroid dehy-
drogenase type 2 (11βHSD2) inactivates these hormones and pre-
vents inappropriate MR activation. Either inhibition of this enzyme 
by licorice or genetic deficiency produces unregulated MR acti-
vation and hypertension with metabolic alkalosis and hypokale-
mia. The MR is also expressed within vascular smooth muscle and 
ECs, where it may contribute to vascular injury via activation of 
NADPH oxidase, generation of ROS, and inflammation.

Greater complexity of the RAAS has emerged with the  discovery 
of novel angiotensin peptides and receptors. Angiotensin-(1-7) is 
formed by cleavage of Ang-I by neprilysin or prolyl-endopeptidase 
or from cleavage of Ang-II by ACE2.110 Angiotensin-(1-7) acts via 
the Mas receptor, a G protein–coupled cell-surface receptor gen-
erally opposing AT1 effects.111 Angiotensin-(1-7) and ACE2 con-
fer protection against  Ang-II-mediated cardiovascular injury, and 
ACE2-deficient mice have accentuated Ang-II-induced injury.112 
Angiotensin-II is also  metabolized in vivo by aminopeptidase A 
to Ang-III and Ang-IV, which may have important physiological 
effects within the CNS.103

Additional interest has focused on the (pro)-renin recep-
tor (PRR), which binds either renin or prorenin.113 The PRR 
can exist as a full-length transmembrane protein, a soluble 
circulating form, or a truncated protein (transmembrane/

cytoplasmic portion). The full-length transmembrane PRR 
can bind and activate prorenin by inducing a conformational 
change that exposes the catalytic site. In addition, (pro)-renin 
activates PRR and cellular signaling events (e.g., mitogen-
activated protein kinase [MAPK] pathways) independent of 
renin activity.114 Prorenin circulates in marked excess of active 
renin, and the prorenin/renin ratio is further increased in dia-
betes, raising the possibility that (pro)renin-PRR signaling or 
 PRR-induced activation of prorenin and local angiotensin 
production could contribute to cardiovascular injury.

Drugs That Inhibit the Renin-Angiotensin-
Aldosterone System
The first ACE inhibitor was serendipitously discovered as a  
bradykinin-potentiating factor isolated from venom of the pit viper 
Bothrops jararaca. Subsequent studies demonstrated its activity 
against ACE, suggesting that this enzyme played a key role in regu-
lating both the RAAS and the kallikrein-kinin systems. Isolation of 
the responsible peptide sequences led to development of capto-
pril, one of the earliest examples of structure-based drug design.115 
Captopril's success in treatment of cardiovascular disease was 
critical to the development of other drugs that block the RAAS 
(Table 6-7). Drugs are now clinically available to block the RAAS 
cascade at nearly every level (see Fig. 6-8).

Direct renin inhibitors are the most recent class of RAAS 
blocking agents. Although renin is the rate-limiting enzyme in 
the RAAS pathway and a logical drug target, development of clin-
ical renin inhibitors was hindered by poor potency, stability, and 
oral bioavailability.116 Development of aliskiren overcame these 
issues, and other agents are in clinical studies. Aliskiren selec-
tively inhibits renin activity and dose-dependently reduces Ang-I 
and Ang-II production and blood pressure. Renin secretion mark-
edly increases during aliskiren therapy, and attention to the assay 
method is needed if plasma renin concentration is measured.117 
Plasma renin activity (assessed by in vitro Ang-I generation) 
remains inhibited, and thus compensatory renin secretion does 
not appear to overcome the effect of aliskiren or increase blood 
pressure.118 Aliskiren is well tolerated and has a low rate of side 
effects, which are principally gastrointestinal. Aliskiren effectively 
reduces blood pressure when used in alone or in combination 
with diuretic therapy, ACE inhibitors, or ARBs.116,119–121 Addition 
of aliskiren to maximal-dose losartan reduced proteinuria com-
pared to placebo in a population with diabetic proteinuira.122 
Aliskiren provided similar LV mass reduction compared to losar-
tan in a group of overweight subjects with hypertension but pro-
vided no additional benefit in combination.123 Further studies 
are needed to investigate hard cardiovascular endpoints.

Angiotensin-converting enzyme inhibitors are used to treat 
hypertension, diabetic nephropathy, CHF, and prior MI or stroke. 
Their antihypertensive effect is generally less effective in African 
Americans because of a higher prevalence of low-renin hyper-
tension, but concurrent thiazide diuretic administration improves 
responsiveness. Many orally administered ACE inhibitors are given 
as a prodrug, which are  rapidly metabolized into active metabolite 
via enteric metabolism (e.g., enalapril to enalaprilat). Enalaprilat 
is the active metabolite of enalapril and is available for intrave-
nous administration. Most ACE inhibitors are renally excreted and 
require careful monitoring in patients with renal insufficiency.

Angiotensin-II can also be generated by enzymes other than ACE 
(e.g., chymase, cathepsin G), providing a rationale for combination 
therapy with ARBs and ACE inhibitors. Angiotensin-II type 1 recep-
tor antagonists (ARBs) also provide an alternative treatment option 
for patients who are intolerant of ACE inhibitors. Early studies were 
done with saralasin, an intravenous peptide Ang-II analog, which 
demonstrated effectiveness of ARBs and led to the development 
of orally available agents.124 Since then, multiple agents have been 
developed and approved for hypertension treatment and preven-
tion of cardiovascular complications (see Table 6-7). Angiotensin 
receptor blockers are remarkably well tolerated and may even 
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reduce the incidence of some complaints such as headache. All 
of the ARBs are reliably absorbed, highly protein bound, and selec-
tive for the AT1 receptor. Telmisartan and the losartan metabolite 
EXP3174 can also activate peroxime proliferator-activated receptor 
gamma (PPARγ), which may explain improvement in insulin sensi-
tivity.125,126 Losartan has a short half-life, but has an active metabolite 
(EXP3174) with a long half-life. Elimination is primarily hepatic for 
most ARBs, but dose adjustment is usually needed only in severe 
liver impairment.

RAAS blockade with any of these drugs (ACE inhibitors, 
ARBs, or renin inhibitors) is contraindicated during pregnancy 
because of the risk of congenital renal and other malforma-
tions and should be used with extreme caution in women of 
childbearing potential.127 These agents also carry a risk of hyper-
kalemia and worsening renal insufficiency.128 RAAS blockade 
should not be used in the setting of bilateral renal artery steno-
sis because of the risk of worsening renal failure. Angiotensin-
converting enzyme inhibitors rarely cause potentially fatal 
angioedema, which is more frequent in African Americans. 
Angiotensin-converting enzyme inhibitors commonly cause a 
cough, which may be bothersome enough to require cessation, 
but is a separate pathogenesis than angioedema.129

Spironolactone and eplerenone are MR antagonists whose main 
effect is mediated by antagonizing MR activity in the distal kid-
ney. These agents also produce systemic vascular effects such as 
reducing inflammation, improving vascular endothelial function, 
and promoting fibrinolysis. Mineralocorticoid receptor antagonists 
reduce mortality in patients with chronic heart failure and after 
acute MI, and are very effective in the treatment of drug-resistant 
hypertension.130–133 Spironolactone possesses progesterone-like 
activity and can cause gynecomastia and/or breast tenderness in 
5% to 10% of patients, which resolves upon cessation. Eplerenone 
does not cause gynecomastia because it is MR specific and there-
fore provides an alternative for those who are spironolactone intol-
erant. As opposed to other diuretics, MR antagonists do not require 
filtration into the urinary space to achieve their effect, but renal 
insufficiency carries an increased risk of hyperkalemia, and they 
should be used with caution if at all in this setting. Eplerenone 

 carries additional risk of drug interactions due to moderate 
CYP3A4 inhibition.

Endothelin Receptor Antagonists
Endothelin-1 is a vasoactive peptide initially described in 1988, and 
among the most potent vasoconstrictor substances known.134,135 
Endothelin-1 is converted by endothelin-converting enzyme from a 
precursor protein, big ET-1, and is secreted from the cell. Although 
multiple isoforms exist, ET-1 produces most of the important car-
diovascular effects. Endothelin-1 is secreted abluminally (e.g., by 
ECs toward VSMC) and produces responses that are highly tissue 
dependent. Although ET-1 is found in the circulation, local para-
crine and autocrine actions are more important than endocrine 
effects. Endothelin-1 acts via ET-1 type A (ET

A) and B (ETB) receptors 
that are widely distributed throughout the body. In vascular smooth 
muscle, ETA and ETB produce vasoconstriction, whereas endothelial 
ETB mediates NO-dependent vasodilation. ETB also contributes to 
clearance of ET-1 by internalization and cellular degradation.

Vascular bed–specific differences exist, with the renal vascula-
ture being exquisitely sensitive to the effects of ET-1. However, the 
predominant effect of ET-1 within the kidney is to increase natriure-
sis and free water excretion. Renal ET-1 is produced predominantly 
in the medulla, which contributes to long-term blood pressure 
control via ET

B in the distal nephron.134 Knockout of ET-1 within 
the cortical collecting duct results in hypertension and inability 
to excrete a sodium load, which is improved by ENaC blockade 
with amiloride.

In the pulmonary vasculature, ETA acts as a potent vasoconstric-
tor and also promotes vascular smooth muscle hypertrophy and 
proliferation, making the endothelin system a logical pharmaco-
logical target. Endothelin receptor antagonists (ETRAs) achieved 
initial clinical success in patients with PAH. Bosentan was the first 
ETRA and blocks both ET

A and ETB. Ambrisentan is ETA selective. 
Bosentan and ambrisentan are effective in PH and have dem-
onstrated improved exercise capacity and hemodynamics.136,137 
Improved long-term survival has been  suggested by  observational 
studies but not in randomized clinical trials.

 
DRUG CLASS

 
DRUG  (TRADE NAME)

 
T1/2 (HOURS)

DOSE 
ADJUSTMENT

DOSE RANGE  
(mg/DAY)

DOSING INTERVAL 
(HOURS)

Direct renin inhibitors Aliskiren (Tekturna) 24-48 — 150-300 Once daily

ACE inhibitors Benazepril (Lotensin) 10-11 R 20-40 24
Captopril (Capoten) 2 R 12.5-100 8-12
Enalapril (Vasotec) 2 — 5-40 12-24
Enalaprilat† 35* — 0.625-5 6
Fosinopril (Monopril) 12 — 10-40 24
Lisinopril (Prinivil, Zestril) 12 R 2.5-40 24
Moexipril (Univasc) 2-9* R 7.5-30 24
Perindopril (Aceon) 3-10 R 2-16 24
Quinapril (Accupril) 3* R 5-80 24
Ramipril (Altace) 13-17 R 2.5-20 24
Trandolapril (Mavik) 22.5* L, R 1-8 24

AT
1
 antagonists Azilsartan (Edarbi) 11 — 40-80 24

Candesartan (Atacand) 5-9 L 4-16 12-24
Eprosartan (Teveten) 5-9 — 400-800 12-24
Irbesartan (Avapro) 11-15 — 150-300 24
Losartan (Cozaar) 6-9* L 50-100 12-24
Olmesartan (Benicar) 12-15 — 5-40 24
Telmisartan (Micardis) 24 L 20-80 24
Valsartan (Diovan) 6 L 80-320 24

MR antagonists Spironolactone (Aldactone) 10-23* R 12.5-100 24
Eplerenone (Inspra) 4-6 R 25-200 12-24

TABLE 6-7 Drugs That Interrupt the Renin-Angiotensin-Aldosterone System

*Elimination half-life includes active metabolites.
†Intravenous formulation.
ACE, angiotensin-converting enzyme; AT

1
, angiotensin-II type 1; L, liver failure; MR, mineralocorticoid receptor; R, renal failure; T

1/2
, half-life.
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The role of ETRAs in hypertension, diabetic nephropathy, and 
heart failure is still developing and has mainly been tested using 
experimental agents (Table 6-8). Clinical trials in hypertension 
have demonstrated that the ETA-selective antagonist darusen-
tan is effective in patients with resistant hypertension.138 The ETA-
selective antagonist avosentan reduced albuminuria by 40% to 
50% in patients with diabetic nephropathy, but also significantly 
increased the occurrence of fluid overload and clinical heart 
failure. In heart failure, ETRAs appear to improve hemodynamic 
endpoints, but in longer-term trials do not improve clinical symp-
toms or mortality.139,140 Endothelin receptor antagonists commonly 
produce edema, headache, and a decrease in Hb. Hepatic toxic-
ity (increase in serum transaminase) is the most serious adverse 
effect and requires close monitoring.
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DRUG (TRADE NAME)

RECEPTOR 
SELECTIVITY

 
T1/2(HOURS)

DOSE 
ADJUSTMENT

DOSE RANGE  
(TOTAL mg/DAY)

DOSING INTERVAL 
(HOURS)

Ambrisentan (Letairis) ET
A

9 L 5-10 24

Atrasentan* ET
A

20-24 L * *

Avosentan* ET
A

7-10 L * *

Bosentan (Tracleer) ET
A
 > ET

B
5 L 62.6-250 12

Darusentan* ET
A

16-18 L * *

Sitaxsentan (Thelin) * ET
A

6-7 L * *

TABLE 6-8 Endothelin Receptor Antagonists

*Not U.S. Food and Drug Administration (FDA) approved in the United States.
ET, endothelin; L, liver failure; T

1/2
, half-life.
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C H A P T E R  7  Pharmacology of Antithrombotic 
Drugs
Omar P. Haqqani, Mark D. Iafrati, Jane E. Freedman

Atherothrombotic disease and atherosclerotic plaque rupture 
is the leading cause of death worldwide. Its prevalence among 
adults in the United States is estimated at over 81 million, with 
costs exceeding $503 billion annually.1 Thrombus and clot forma-
tion involved in atherothrombotic disease develop as a complex 
and dynamic interaction between platelets, blood vessel wall, and 
coagulation cascades. Increased understanding of the mechanism 
of these interactions has provided for the development of novel 
drugs. Antiplatelet drugs have come to the forefront in managing 
atherothrombotic disease, owing in large part to platelets’ involve-
ment in the initiation and propagation of thrombus. Our under-
standing of platelet function has expanded from a rudimentary 
knowledge of aspirin as a cyclooxygenase (COX) inhibitor within 
the arachidonic acid pathways, to a more complex picture of mul-
tiple receptor-modulating agents including thienopyridines, glyco-
protein (GP)IIb/IIIa receptor antagonists, von Willebrand factor 
(vWF)-GPIb/IX, and collagen-GPVI inhibitors. Despite advances 
with newer inhibitors and combinations, treatment failures persist, 
necessitating development of new antiplatelet agents.

Also contributing to thrombus formation, the coagulation cas-
cade is intimately linked with platelet activation and continues to be 
an area of therapeutic interest. Our deeper understanding of coagu-
lation pathway targets has channeled numerous novel agents that 
regulate coagulation, limiting thrombus propagation and athero-
sclerotic plaque rupture. Synergistic effects of novel antiplatelet and 
anticoagulation therapies have provided new options for evaluating 
clinical outcomes in the management of cardiovascular disease.

Platelets, Thrombosis, Coagulation,  
and Atherothrombotic Vascular Disease
Atherosclerotic plaque rupture and endothelial cell (EC) disrup-
tion lead to platelet activation and formation of occlusive thrombi, 
triggering acute ischemic events in patients with atherothrombotic 
disease. Platelet activation and aggregation involve multiple signal-
ing molecules and their receptors. Initially, platelets adhere to the 
subendothelial proteins vWF and collagen), which are exposed 
at sites of vascular injury. Adenosine diphosphate (ADP), throm-
boxane A

2 (TxA2), serotonin, collagen, and thrombin activate 
platelets through unique intracellular signaling pathways, result-
ing in further platelet activation and secretion of mediators, thus 
further amplifying and sustaining the initial platelet response.2 
Adenosine diphosphate, serotonin, and calcium are released by 
activated platelets via degranulation; thromboxane from arachi-
donic acid; and thrombin from activated coagulation cascade 
pathways.3 Activation of platelets occurs through binding of their 
primary blood-soluble agonists to their respective platelet recep-
tors: ADP binds P2Y1 and P2Y12, thrombin binds to protease- 
activated receptor 1 (PAR1) and PAR4, and thromboxane binds to 
the thromboxane/prostanoid (TP) receptor.4 The final common 
pathway for all autocrine and paracrine activation signals is GPIIb/
IIIa activation, which mediates fibrinogen and vWF binding to 
platelets and contributes to platelet aggregation. Thus, in both phys-
iological hemostasis and pathological states, platelets are recruited 
to form a platelet-fibrin thrombus.3,4 Various classes of antiplatelet 
drugs act synergistically through complementary yet indepen-
dent mechanisms, preventing platelet aggregation and thus acute 
thrombus formation. Currently available drugs and those under 
investigation target the thromboxane-induced (aspirin, sulfinpyr-
azone, indobufen, and triflusal) and ADP-induced (ticlopidine, 

clopidogrel, prasugrel, ticagrelor, cangrelor and elinogrel) path-
ways of platelet activation and their final common pathway of 
GPIIb/IIIa-induced (abciximab, eptifibatide, and tirofiban) platelet 
aggregation.4,5 The processes of platelet adhesion, activation, and 
aggregation, along with the targets of platelet-inhibiting drugs, are 
shown in Figure 7-1. Antiplatelet drugs, in addition to inhibiting 
acute arterial thrombosis, interfere with the physiological role of 
platelets in hemostasis. Thus the range of adverse effects, particu-
larly bleeding, is a major factor in evaluating the utility of available 
and upcoming antiplatelet drugs and their combination regimens. 
Coagulation cascades are intimately activated through atheroscle-
rotic plaque rupture and platelet activation. Targets of drug therapy 
to regulate the effects of thrombus formation and propagation are 
accomplished through oral anticoagulation (warfarin); thrombin 
inhibitors, both direct and indirect (heparin, low-molecular-weight 
heparin [LMWH], fondaparinux, hirudins, bivalirudin, argatroban, 
ximelagatran, dabigatran, etexilate, rivaroxaban, apixaban, DU-176b, 
LY517717, betrixaban, and YM150); factor IX inhibitors; and factor 
Xa inhibitors.

Pharmacology of Platelet Inhibitors
Platelets circulate in blood with their activation inhibited by 
both nitric oxide (NO) and prostaglandin I2 released from ECs.6,7 
Activated platelets prevent bleeding by catalyzing the formation of 
stable blood clot in conjunction with activated coagulation path-
ways. In the initiation phase of primary hemostasis, platelets roll, 
adhere, and spread along the exposed collagen matrix of injured 
blood vessels to form an activated platelet monolayer.8 During the 
rolling phase, platelet adhesion and tethering is mediated by the 
platelet GPIb/V/IX receptor complex and vWF, which itself is bound 
to collagen (see Fig. 7-1). Additional tethering is accomplished 
between the GPVI and GPIa proteins directly with collagen at sites 
of vascular injury.6–8 The binding of GPIb/V/IX to vWF has a fast 
off rate insufficient to mediate stable adhesion, but instead, able 
to maintain platelets in close contact with the endothelial surface. 
Platelet activation stimulates high-affinity integrins to form stable 
adhesion complexes.

Blood flows with greater velocity in the center of the vessel than 
near the wall, thereby generating shear forces between adjacent lay-
ers of fluid. In conditions of high shear, such as those of small arter-
ies, arterioles, and stenosed arteries, the tethering process is integral 
in the mechanisms of platelet adhesion. von Willebrand factor binds 
to collagen within the extracellular matrix (ECM) and to platelet 
receptors (GPIb/V/IX and GPIIb/IIIa [αIIβ3 integrin]).8 Binding of 
ECM collagen triggers intracellular signals that shift platelet integ-
rins to a higher-affinity state and induce release of the secondary 
mediators ADP and TxA2. Both ADP and TxA2, along with thrombin 
produced from the coagulation cascade, synergistically induce full 
platelet activation. Upon platelet activation, arachidonic acid is lib-
erated from membrane phospholipids by phospholipase A2 and C,  
thereby producing TxA2. Aspirin and other agents, such as sulfin-
pyrazone, indobufen, and triflusal, act to inhibit enzymes within 
the arachidonic acid cascade, thereby limiting production of TxA2. 
Adenosine diphosphate binds to P2Y1 and P2Y12 surface platelet 
receptors, which are targets of clopidogrel, prasugrel, and ticagrelor.

Thrombin is produced at the surface of activated platelets by 
tissue factor and is responsible for generating fibrin from fibrino-
gen, which contributes to formation of the hemostatic plug and 
platelet thrombus growth. Thrombin also directly activates plate-
lets through stimulation of the PAR1.7 Both direct and indirect  
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inhibitors of thrombin inhibit thrombin and affect thrombin  
activation, respectively. Release of ADP and TxA2 from adher-
ent platelets contributes to recruitment of circulating platelets, 
thereby inducing a change in platelet shape, increased expression 
of proinflammatory molecules (P-selectin, CD40 ligand), expres-
sion of platelet procoagulant activity, and conversion of the GPIIb/
IIIa receptor into an active form, leading to pathological throm-
bosis.6–8 Activation of GPIIb/IIIa (αIIβ3 integrin) mediates platelet 
aggregation and spreading on the exposed ECM of the injured ves-
sel wall by means of fibrinogen bridges.8

Fibrinogen bridges activated platelets and contributes to throm-
bus stabilization.8 Activation of platelets results in a conforma-
tional change in the αIIβ3 integrin (IIb/IIIa) receptor, enabling it to 
bind fibrinogen-enhancing cross-links to adjacent platelets, result-
ing in aggregation and formation of a platelet plug. Simultaneous 
activation of the coagulation system results in thrombin generation 
and fibrin clot formation, which further stabilizes the platelet plug. 
Abciximab, eptifibatide, and tirofiban inhibit GPIIb/IIIa, thereby 
inhibiting platelet aggregation.

Cyclooxygenase Inhibitors and the Arachidonic 
Acid Cascade
Arachidonic acid is liberated from membrane phospholipids 
by phospholipase A2 and C upon platelet stimulation9 (Fig. 7-2). 
Prostaglandin (PG) H-synthase catalyzes the conversion of arachi-
donic acid to PGG2 and PGH2.

10 Prostaglandin-synthase possesses 
two catalytic sites, a COX site, responsible for the formation of PGG2, 
and a hydroperoxidase site, which reduces the 15-hydroperoxyl 
group of PGG2 to produce PGH2.

11 Subsequent enzymatic cataly-
zation of PGH2 generates PGs, D2, E2, F2α, I2, and TxA2.

11 Aspirin irre-
versibly binds and inhibits the COX site by acetylating the hydroxyl 
group of a serine residue at position 529 (Ser 529) without affect-
ing the hydroperoxidase activity of the enzyme, thus inhibiting  
production of PGG2 and therefore PGH2 circumventing TxA2 
production.12

ASPIRIN

Aspirin produces dose-dependent inhibition of platelet COX 
activity after a single oral dose. A single dose of 100 mg effec-
tively suppresses biosynthesis of TxA2 within several minutes of 
administration via acetylation of platelet COX in the presystemic 

 circulation.13 Owing to aspirin's irreversible inhibition of COX 
and the inability of platelets to synthesize new proteins, aspirin's 
effect is maintained for the lifespan of the platelet (7-10 days). 
Cyclooxygenase activity returns only as new platelets are generated.

Aspirin reduces acute coronary and cerebrovascular events 
such as unstable angina, myocardial infarction (MI), sudden car-
diac death, and stroke.13 Its utility is enhanced by its modest cost 
and nominal side effects. Although aspirin effectively reduces 
platelet secretion and aggregation, it is a relatively weak platelet 
inhibitor. The inhibitory effects of aspirin are pronounced when 
using relatively weak platelet agonists, but less so against stronger 
agonists like thrombin that can induce platelet activation in the 
absence of TxA

2. Importantly, the majority of platelet responses 
remain unaffected by aspirin treatment. Aspirin does not inhibit 
shear stress–induced platelet activation and platelet adhesion. In 
addition to its antiplatelet properties, aspirin also exerts antiinflam-
matory effects.14 In a meta-analysis of antiplatelet therapy studies 
in patients with acute coronary syndrome (ACS), administration 
of several doses of aspirin (from 75 mg/day up to 150 mg/day) sig-
nificantly decreased the overall risk of nonfatal MI, nonfatal stroke, 
and death rates.15 Several studies, however, have demonstrated that 
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formation of a stable platelet thrombus.

Platelet Membrane Phospholipids

Phospholipase C

12-LipoxygenaseCOX
(bis-oxygenase)

COX
(hydroperoxidase)

PG
Synthase

Isomerase
Thromboxane

Synthase

Phospholipase A2

Arachidonic Acid

12-HPETE

12-HETE

Aspirin

(–)

PGG2

PGH2

PGI2 PGF2 PGE2 PGD2 TxA2

FIGURE 7-2 Metabolism of arachidonic acid in platelets. Arachidonic 
acid is metabolized through two catalytic pathways mediated by 
cyclooxygenase (COX) and lipoxygenase generating thromboxane A

2
 (TxA

2
) and 

12-hydroxyeicosatetraenoic (12-HETE), respectively. PG, prostaglandin.



96

CH 
7

aspirin monotherapy is inadequate because of high intraindividual 
variability to aspirin response, as well as increased aspirin resis-
tance, especially observed in patients with diabetes mellitus.16

NONSTEROIDAL ANTIINFLAMMATORY DRUGS

There are several nonsteroidal antiinflammatory drugs (NSAIDs) 
that act as competitive reversible inhibitors of PGH-synthase. 
Sulfinpyrazone, indobufen, and triflusal are several of the drugs 
in this class evaluated for their antithrombotic activity in random-
ized clinical trials. The active sulfide metabolite of sulfinpyrazone 
administered in the highest dose allowable (200 mg four times a 
day) inhibits only 60% of platelet COX activity, with results suggest-
ing no significant clinical efficacy.17 The clinical, biochemical, and 
functional effects of the more effective inhibitor, indobufen, are 
similar to those of aspirin. An oral dose of indobufen 200 mg twice 
daily inhibits 95% of platelet TxA2 synthesis.18 Triflusal, a derivative 
of salicylic acid, is also able to inhibit platelet COX, but only after 
conversion to a longer-lasting metabolite.19 None of the three are 
currently approved for use as antiplatelet drugs in the United States.

Adenosine Diphosphate, Purinergic Receptors, 
and Thienopyridine Inhibitors
Adenosine diphosphate is a key mediator in activating platelet aggre-
gation and thrombus formation. Inhibiting the effects of ADP activ-
ity has lead to development of numerous P2Y12 receptor–targeting 
antiplatelet drugs. Adenosine diphosphate is released from dense 
granules of activated platelets, providing a soluble positive feed-
back mediator binding to the receptors P2Y1 and P2Y12. Both P2Y1 
and P2Y12 are platelet  surface-bound purinoreceptors belonging 
to the G protein–coupled receptor (GPCR) class, with P2Y1 being 
coupled to Gq and P2Y12 to Gi. Adenosine diphosphate binding to 
both P2Y1 and P2Y12 receptors activates distinct intracellular sig-
naling pathways.20 Binding of ADP to the P2Y1 receptor and its Gq 
protein mobilizes intracellular calcium, triggering a change in the 
platelet shape and rapid, reversible aggregation.21 Adeosine diphos-
phate binding through the P2Y12 receptor and its Gi protein results 
in reduced levels of cyclic adenosine monophosphate (cAMP), 
resulting in amplification of the platelet response, stabilization of 
resulting aggregates, and secretion of further mediators from plate-
let granules.22 Binding of ADP to both P2Y1 and P2Y12 purinore-
ceptors is necessary for normal ADP-induced aggregation. P2Y12 is 
considered the major platelet ADP receptor and, since it is more 
restricted in its expression throughout cell lines, has become an 
attractive therapeutic target for antithrombotic agents.20

THIENOPYRIDINE PLATELET P2Y12 RECEPTOR 
ANTAGONISTS

The thienopyridine class of antiplatelets (ticlopidine, clopido-
grel, and prasugrel) selectively and irreversibly inhibit the P2Y12 
purinoreceptor throughout the life of the platelet. Clopidogrel is 
the dominant member within the class and provides for modest 
platelet inhibition, delayed onset of action, and significant inter-
patient variability, including nonresponsiveness to the drug, which 
necessitated the search for more potent and stable alternatives.23 
Ticlopidine has been eclipsed because of its adverse hematologi-
cal side effects, including neutropenia and thrombotic thrombocy-
topenic purpura.24 The opposite, however, is true of third-generation 
thienopyridines, namely prasugrel.

Oral thienopyridines are prodrugs that require conversion 
into their active metabolites by hepatic cytochrome P450 (CYP) 
enzymes (CYP3A4 isozyme). Whereas clopidogrel requires ester-
ase inactivation and a two-step CYP-dependent activation, prasug-
rel requires only one reaction to yield its active metabolite.25 This 
difference in metabolism translates into different patient responses 
and drug interactions. Genetic variations of P450 (CYP) enzymes 
affect clopidogrel's active metabolite formation, resulting in lower 
platelet inhibition and, most importantly, a higher rate of major 
adverse cardiovascular events. Prasugrel's pharmacology, however, 

is not affected by CYP polymorphisms and provides a stable plat-
form for antiplatelet therapy. Prasugrel has a faster onset of action 
and a tenfold higher potency than clopidogrel.26

CLOPIDOGREL

Clopidogrel is metabolized by CYP P450. Its active metabolite irre-
versibly binds to the platelet P2Y12 receptor, thus inhibiting the 
effect of ADP on platelets. As a result, GPIIb/IIIa receptors have 
decreased activation, thereby resulting in reduced platelet func-
tion. The Clopidogrel versus Aspirin in Patients at Risk of Ischemic 
Events (CAPRIE) study, a randomized trial that included patients 
with ischemic stroke, MI, or symptomatic atherosclerotic periph-
eral artery disease, showed that clopidogrel-treated patients 
had an 8.7% relative risk reduction for acute MI, stroke, or vas-
cular death, compared to those patients treated with aspirin.27 
The Clopidogrel in Unstable Angina to Prevent Recurrent Events 
(CURE) trial was the first study establishing the significance of 
dual antiplatelet therapy (acetylsalicylic acid [ASA] plus clopido-
grel) in patients with ACS28 and involved a population of 12,562 
patients presenting with non-ST-elevation ACS who were random-
ized to receive either a combination of ASA (75-325 mg/day) and 
clopidogrel (300 mg loading dose, followed by 75 mg/day) or ASA 
and placebo for 3 to 12 months. At 12 months, a lower incidence 
of MI, stroke, or cardiovascular death was observed in the clopido-
grel plus ASA group compared to the placebo group; however, the 
risk of major bleeding was increased among patients treated with 
clopidogrel plus ASA.

Similar results were reported by the COMMIT study.29 Patients 
received either a combination of clopidogrel (75 mg/day)  
and ASA (162 mg/day) or placebo and ASA for 28 days or 
until hospital discharge. There was a 9% relative risk reduc-
tion in the composite  endpoint of stroke, vascular reinfarc-
tion, or death and a 7% relative risk reduction for death in the 
group receiving dual antiplatelet therapy. In the CREDO study, 
which was the first to evaluate the significance of dual anti-
platelet therapy pre- and  post-percutaneous coronary interven-
tion (PCI), patients undergoing PCI received either a 300-mg  
loading dose of clopidogrel 3 to 24 hours before the procedure 
and then 75 mg/day for 12 months, or 75 mg/day for 30 days after 
the procedure without a loading dose.30 All patients also received 
a 325 mg/day dose of ASA during the 12-month  follow-up period. 
A 27% relative risk reduction for death, MI, or stroke was observed 
in the group receiving long-term dual antiplatelet therapy. Given 
the established antiplatelet effect of clopidogrel, the Clopidogrel 
for High Atherothrombotic Risk and Ischemic Stabilization 
Management and Avoidance (CHARISMA) study investigated the 
potential benefit from 28-month dual antiplatelet therapy (75 mg/day 
clopidogrel and 75-162 mg/day ASA) in patients 45 years of age 
or older who experienced one of the following conditions: mul-
tiple atherothrombotic risk factors, documented coronary disease, 
documented cerebrovascular disease, or documented symptom-
atic peripheral artery disease.31 The control group received ASA 
and placebo. No benefit was observed in the primary endpoint of 
MI, stroke, or cardiovascular death in the dual antiplatelet therapy 
group. By contrast, asymptomatic patients of the group with risk 
factors but without clinical evidence of CAD had a higher risk of 
bleeding.32 A further analysis in the subgroup of patients with doc-
umented atherothrombotic cardiovascular disease showed a sig-
nificant risk reduction for new MI, stroke, or cardiovascular death 
in those patients compared with controls.33

PRASUGREL

Prasugrel is a P2Y12 inhibitor acting similarly to clopidogrel. Prasugrel 
is rapidly converted to its active metabolite by the P450 cytochrome 
and has higher bioavailability than clopidogrel.26 Recently, a 60-mg 
loading dose of prasugrel achieved high platelet inhibition both in 
healthy subjects and in patients scheduled for PCI, whereas healthy 
clopidogrel poor-responders achieved satisfactory platelet inhibi-
tion of up to 80% after prasugrel administration.26 The  beneficial 
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effect of prasugrel was also established in the TRITON-TIMI 38 
study.34 Patients scheduled for PCI were randomized to receive 
either clopidogrel (300-mg loading dose and 75 mg/day afterwards) 
or prasugrel (60-mg loading dose and 10 mg/day afterwards). All 
patients also received ASA, and about half the patients from each 
group were treated with a GPIIb/IIIa inhibitor as well. The prasug-
rel group demonstrated a significant risk reduction for the compos-
ite primary endpoint of death, nonfatal MI, and nonfatal stroke. In 
addition, risk was significantly lower in the diabetes mellitus patient 
subgroup34; however, incidence of major hemorrhagic events was 
more frequent in the prasugrel group, but even when this parameter 
was added to the study's primary endpoints, the net clinical benefit 
findings still favored prasugrel compared to clopidogrel. Subgroup 
analysis demonstrated a higher rate of major bleeding in those with 
body weight of less than 60 kg, history of stroke or transient isch-
emic attack, and age older than 75 years.34

NON-THIENOPYRIDINE PLATELET P2Y12 RECEPTOR 
ANTAGONISTS

Novel non-thienopyridine platelet P2Y12 receptor antagonists 
include ticagrelor, cangrelor, and elinogrel, which are direct and 
reversible P2Y12 antagonists with rapid onsets and short durations 
of action. Ticagrelor is highly selective and very specific for the 
P2Y12 receptor, and it exhibits a greater, more consistent inhibition 
of platelet aggregation than clopidogrel.35 Ticagrelor is adminis-
tered orally and does not require metabolic activation, providing 
a rapid onset peaking within 2 to 4 hours of dosing. The metab-
olism of ticagrelor yields an active molecule (AR-C124910XX) 
that has similar P2Y12-blocking activity as its parent molecule. 
Ticagrelor's plasma half-life is approximately 12 hours, which 
corresponds to twice-daily dosing and a 1- to 2-day restoration 
of normal platelet-mediated hemostasis upon discontinuation. 
These pharmacokinetics are in contrast to clopidogrel and pra-
sugrel, which require discontinuation approximately 5 days before 
restoration of normal platelet-mediated hemostasis is achieved. 
Ticagrelor's potential advantage in plasma half-life also carries the 
risk of increased thrombotic events if patients miss a dose.36

Multiple trials have demonstrated the benefits of ticagrelor in clin-
ical practice. The Dose Confirmation Study Assessing Antiplatelet 
Effects of AZD6140 vs. Clopidogrel in Non-ST-Segment Elevation 
Myocardial Infarction (DISPERSE-2) trial showed no difference in 
major bleeding or MI, with an increase in minor bleeding at higher 
doses of ticagrelor in 990 patients with non-ST-segment elevation 
ACS.37 In the PLATO (the Study of Platelet Inhibition and Patient 
Outcomes) trial comparing ticagrelor and clopidogrel with respect 
to their efficacy in preventing cardiovascular events and safety 
showed ticagrelor significantly reduced the rate of death from vas-
cular causes, MI, or stroke, without an increase in the rate of overall 
major bleeding compared to clopidogrel in 18,624 patients with  
ACS.38 Ticagrelor is the first investigational antiplatelet drug to  
demonstrate a reduction in cardiovascular death when compared 
to clopidogrel in patients with ACS.

Finally, research has shown ticagrelor to produce platelet inhi-
bition regardless of genotypic variations in the three genes that 
had been associated with variability to clopidogrel in platelet 
inhibition.39 All these trials underline the potential for ticagrelor 
to achieve a rapid and sustained antiplatelet effect that could be 
reversed and could overcome nonresponsiveness and interpatient 
variability to clopidogrel, thus addressing the main limitations of 
clopidogrel therapy.24 Nonetheless, its adverse effects (e.g., dyspnea, 
bradycardia) and weight-based dosing require further investiga-
tion before ticagrelor may advance toward routine use in antiplate-
let therapy.38

Role of Integrin Receptors in Platelet Function
Platelet activation leads to the final activation of GPIIb/IIIa recep-
tors that bind adhesion molecules such as fibrinogen and vWF, 
thereby enhancing platelet aggregation. By competing with fibrino-
gen and vWF for GPIIb/IIIa binding, GPIIb/IIIa antagonists interfere 

with platelet cross-linking and clot formation. Inhibition of approx-
imately 80% of GPIIb/IIIa receptors results in clinically relevant 
inhibition of platelet-dependent thrombus formation. Investigation 
of oral GPIIb/IIIa inhibitors has been halted because of negative 
outcomes from several large trials in patients with ACS or under-
going PCI. Parenteral GPIIb/IIIa inhibitors are associated with an 
increased risk of bleeding and are only administered within the 
hospital setting; they are not used in the long-term care of patients 
with atherothrombotic disease. There are currently three parenteral 
GPIIb/IIIa antagonists in clinical use, indicated only in patients with 
ACS: abciximab, eptifibatide, and tirofiban.

ABCIXIMAB

Abciximab is a large chimeric monoclonal antibody Fab fragment 
with high affinity for the GPIIb/IIIa receptor.40 Abciximab is the larg-
est agent with binding sites located on the β-chain of the GPIIb/IIIa 
receptor which, because of its large size, causes a steric hindrance 
to ligand access.

Abciximab has the strongest affinity for the GPIIb/IIIa receptor 
and dissociates at a slower rate than other GPIIb/IIIa antagonists. 
Unbound abciximab is rapidly cleared from plasma by proteolytic 
degradation, resulting in a very short plasma half-life (several min-
utes), whereas the biological half-life ranges from 8 to 24 hours. As 
such, some GPIIb/IIIa receptors may still be occupied by drug up 
to 2 weeks after discontinuation of drug infusion. In the event of 
bleeding, the antithrombotic effects of abciximab cannot be rap-
idly reversed by discontinuing therapy, but rather are diminished 
by exogenous platelet transfusion.

The efficacy and safety of abciximab in patients undergoing 
PCI has been evaluated in several trials, including EPIC, EPILOG, 
and EPISTENT.41–43 The Intracoronary Stenting and Antithrombotic 
Regimen–Rapid Early Action for Coronary Treatment (ISAR-
REACT) trial demonstrated that the rate of death, MI, and urgent 
revascularization at 30 days was low and comparable between 
patients undergoing elective PCI after pretreatment with clopi-
dogrel 600 mg and allocated to abciximab vs. placebo.44 Rates of 
major bleeding were similar between groups, although abciximab 
was associated with a significantly higher rate of thrombocyto-
penia. ISAR-REACT-2 evaluated the same abciximab and clopido-
grel treatment regimens in high-risk patients with non-ST-segment 
elevation ACS undergoing PCI.45 Death, MI, and urgent revascular-
ization at 30 days occurred significantly less frequently with abcix-
imab compared to placebo; however, the treatment benefit of 
abciximab was confined to patients with elevated troponin levels. 
Rates of major bleeding were similar between groups. Overall, the 
findings suggest that in the modern era of interventional cardiol-
ogy using high clopidogrel dosing regimens, GPIIb/IIIa inhibition 
should be reserved only for high-risk ACS patients with positive car-
diac markers.

EPTIFIBATIDE

Eptifibatide is a competitive antagonist of the GPIIb/IIIa receptor. 
It is a synthetic small-molecule inhibitor that fits directly into the 
Arg-Gly-Asp binding pocket of the GPIIb/IIIa receptor, directly com-
peting with the binding of ligands such as fibrinogen and vWF.46 
Eptifibatide rapidly dissociates from its receptor, is cleared by the 
kidney largely as active drug, and has a plasma half-life of approxi-
mately 1.5 to 2.5 hours. The return of hemostatic platelet function is 
largely dependent on clearance of the drug from plasma. Cessation 
of drug infusion restores platelet function and, in patients with nor-
mal renal function, normal hemostasis returns within 15 to 30 min-
utes after drug discontinuation. Unlike abciximab, however, the 
platelet inhibitory effect of eptifibatide is not significantly influ-
enced by platelet transfusion.46

Eptifibatide has demonstrated efficacy and safety in patients 
with non-ST-segment elevation ACS or undergoing PCI in a 
number of randomized clinical trials. Most recently, the Early 
Glycoprotein IIb/IIIa Inhibition in Non-ST-Segment Elevation 
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Acute Coronary Syndrome (EARLY ACS) trial demonstrated 
that early administration of eptifibatide vs. provisional eptifiba-
tide after angiography (delayed eptifibatide) resulted in similar 
30-day rates of death, MI, urgent revascularization, or thrombotic 
complications during PCI in patients with non-ST-segment eleva-
tion ACS undergoing invasive management.47 Major and minor 
bleeding rates were significantly higher with early eptifibatide vs. 
delayed eptifibatide. Overall, these findings do not support the 
use of upstream compared with ad hoc GPIIb/IIIa inhibition in 
ACS patients undergoing PCI.

TIROFIBAN

Tirofiban is a tyrosine-derived nonpeptide inhibitor associated with 
rapid onset and short duration of action, with a plasma half-life of 
approximately 2 hours. Tirofiban, like eptifibatide, is a competitive 
inhibitor of the GPIIb/IIIa receptor that has high specificity but rel-
atively low affinity.46 Tirofiban is excreted by the kidney, predomi-
nantly as unchanged drug; it rapidly dissociates from the receptor 
and has a biological half-life of 1.5 to 2.5 hours. Restoration of 
hemostasis is best achieved by discontinuing the drug infusion. 
Efficacy and safety of tirofiban in PCI patients has been investi-
gated in several trials.

Platelet Adhesion
Over the past few years, interest has been directed toward other 
platelet adhesion mechanisms that might permit platelet inhibi-
tion while mitigating the untoward effects of bleeding. Two such 
adhesion pathways are the vWF/GPIba and GPVI pathways.

von Willebrand factor is present in plasma, platelets, and vascular 
subendothelium, and is synthesized and stored by megakaryocytes 
and  ECs.48 von Willebrand factor can be released into the circula-
tion by ECs upon activation by vasopressin (desmopressin/DDAVP 
[1-deamino-8-d-arginine-vasopressin]) or thrombin, for example.48 
von Willebrand factor serves two important functions in the hemo-
static response of platelets: initially through platelet/platelet bind-
ing (GPIba/vWF A1 domain), and subsequently through collagen/
platelet binding (GPIba/vWF A3 domain). The vWF A1 domain 
specifically serves to assist with platelet aggregation by binding 
to platelet GPIba in the GPIb/V/IX complex for platelet/platelet 
adhesion, especially under conditions of high shear stress. von 
Willebrand factor additionally promotes platelet adhesion by bind-
ing to collagen in exposed vascular subendothelium via the vWF 
A3 domain. The adhesion function of the GPIb/V/IX complex that 
interacts with vWF resides in the GPIba chain; mutations within this 
segment may alter its affinity for the vWF A1 domain. 49

von Willebrand factor is integrally involved in the pathogen-
esis of atherosclerosis and arterial thrombosis. Disruption of the 
ECs lining the artery wall, such as with plaque rupture, exposes 
subendothelial collagen to arterial blood flow. Exposed colla-
gen captures circulating vWF, causing accumulation of vWF at 
subendothelial sites. von Willebrand factor becomes a recep-
tor for platelet GPIba, which supports platelet rolling along the 
damaged artery and eventually promotes platelet adhesion. 
This process, along with conversion of circulating fibrinogen to 
fibrin and up-regulation of GPIIb/IIIa receptor on platelets, pro-
motes local thrombus formation. The vWF/GPIba interaction is 
an adhesive event under high shear conditions, such as at sites 
of atherosclerosis. Under low shear conditions, such as in flowing 
venous blood, the vWF/GPIba adhesion mechanism is less impor-
tant, and other adhesion receptors, such as GPIIb/IIIa and platelet 
collagen receptors, can independently mediate platelet adhe-
sion. Therefore, agents that inhibit the vWF/GPIba interaction will 
have selectivity for blocking high-shear arterial platelet adhesion 
and minimal impact in low-shear blood flow states. Clinical stud-
ies have routinely demonstrated that inhibition of GPIba/plate-
let interactions has profound antithrombotic effects, with low to 
moderate effects on bleeding time, and can have positive thera-
peutic benefit for patients with ACS.

VON WILLEBRAND FACTOR–GPIP/IX INHIBITORS

A number of vWF-GPIb/IX inhibitors, including aurin tricarboxylic 
acid, peptide fragments from vWF A1 domain, and a soluble GPIb-
immunoglobulin (Ig)G, have been examined for inhibiting vWF and 
platelet interactions.50 Glycoprotein-290 is a recombinant protein 
consisting of a 290 amino acids sequence of the N-terminal of 
human GPIba, with two gain-of-function mutations that increase 
the affinity for the vWF A1 domain. The in vivo antithrombotic and 
antihemostatic effects have been evaluated with good GPIba/vWF 
inhibition, which could be reversed with a currently approved 
(DDAVP) treatment regimen. A lower clopidogrel dose combined 
with GPIba/vWF inhibition could theoretically have improved effi-
cacy with less bleeding risk.

AJvW-2 is a murine monoclonal antibody to human vWF A1 
domain that blocks the GPIba/vWF interaction and has demon-
strated antithrombotic activity in animal models.51 In order to 
reduce immunological response, AJvW-2 was humanized and 
converted from an IgG1 to an IgG4.52 This humanized antibody 
(AJW200) exhibited similar inhibition of in vitro vWF-mediated 
platelet activation to AJvW-2. In human volunteer studies, AJW200 
demonstrated no clinically significant adverse events or immu-
nogenicity. Ristocetin cofactor (Ri:CoF) assays showed a signifi-
cant reduction at 1 hour post infusion compared with baseline 
that lasted for up to 12 hours. The template bleeding time was not  
significantly prolonged at any time or dose of AJW200. Platelet func-
tion as measured by the PFA-100 was reduced by up to 3 to 6 hours 
at the lower dose and 12 hours at the highest dose administered.

ARC1779 is an aptamer that blocks the GPIba/vWF A1 domain 
interaction. Aptamers are nucleic acid molecules with high affinity 
and specificity for a selected target molecule, discovered through 
in vitro selection on the basis of their ability to fold into unique 
three-dimensional structures that promote binding to that target.53 
ARC1779 is a modified deoxyribonucleic acid/ribonucleic acid 
(DNA/RNA) oligonucleotide composed of hybrid terminal ends to 
minimize endonuclease and exonuclease digestion, with nucleo-
tide segments designed to enhance affinity for vWF. ARC1779 has 
demonstrated efficacy comparable or superior to that of previously 
published dosing regimens of abciximab with respect to protection 
from thrombus formation and average time to occlusion. ARC1779 
was evaluated in a randomized  double-blind placebo-controlled 
study that demonstrated it was well tolerated, and no bleeding was 
observed.54 An S-nitroso derivative of a mutated fragment of the A1 
domain (S-nitroso-AR545C) was shown to inhibit effectively arte-
rial thrombosis in the carotid artery.55 In unpublished observations, 
it has also been reported that targeting the vWF A1 domain with 
the recombinant nanobody ALX-0081, a novel class of antibody 
therapeutics, resulted in inhibition of vWF-mediated platelet acti-
vation, providing novel options for future therapies.

COLLAGEN-GPVI INHIBITORS

Glycoprotein VI is also expressed on the surface of platelets. 
Signaling by GPVI is via an immunoreceptor tyrosine activation 
motif (ITAM) promoting phosphorylation and initiating the syk 
signaling cascade. Syk activation results in activation of integrin-
induced platelet aggregation, release of ADP and thromboxane, and 
procoagulant activity.56 Rat monoclonal antibody (JAQ1) to mouse 
GPVI results in inhibition of collagen-induced aggregation.57 In 
 animal models, JAQ1 caused mild thrombocytopenia and resulted 
in a 34% decrease in platelet counts within 24 hours of treatment, 
which returned to normal levels within 3 days of treatment. Platelets 
showed no indication of activation or change in surface protein 
expression. A single dose of JAQ1 resulted in 14 days of inhibition 
of ex vivo  collagen-induced aggregation. Further evaluation of 
in vivo response determined that binding of antibody to the plate-
let GPVI resulted in depletion of platelet GPVI. Collagen-induced 
adhesion was significantly reduced in these GPVI-depleted platelets.  
Bleeding times of JAQ1-treated mice were significantly elevated over 
control mice (330 seconds vs. 158 seconds), but less than that seen 
following inhibition of GPIIb/IIIa (330 seconds vs. > 600 seconds).
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Pharmacology of Antithrombotics  
and Thrombin Inhibitors
Overview of Coagulation
Hemostasis is accomplished by a complex sequence of interac-
tions among platelets, endothelium, and multiple circulating and 
membrane-bound coagulation factors. As shown in Figure 7-3, the 
coagulation cascade typically has two intersecting pathways. The 
intrinsic pathway is initiated with factor XII and involves a cas-
cade of enzymatic reactions that activate factors XI, IX, and VII. In 
the intrinsic pathway, all factors leading to fibrin clot formation are 
intrinsic to the circulating plasma, and no surface is required to ini-
tiate the process. The extrinsic pathway, however, requires exposure 
of tissue factor on the surface of the injured vessel wall to initiate 
the cascade, beginning with factor VII. The two arms of the coagula-
tion cascade merge to a common pathway at factor X, which acti-
vates factors II (prothrombin) and I (fibrinogen). The formation of 
clot is dependent upon the proteolytic conversion of fibrinogen 
to fibrin.

An elevated activated partial thromboplastin time (APTT) is 
associated with abnormal function of the intrinsic arm of the cas-
cade, whereas an elevated prothrombin time (PT) is associated 
with abnormal function of the extrinsic arm. Vitamin K deficiency 
and warfarin use affect factors II, VII, IX, and X. Fibrinogen levels 
below 50 mg/dL cause prolongation of the PT and APTT.

The physiological pathway for coagulation is initiated by expo-
sure of subendothelial tissue factor when the luminal surface of a 
vessel is injured. Propagation of the clotting reaction occurs with 
a sequence of four enzymatic reactions. Each reaction involves a 
proteolytic enzyme that generates a subsequent enzyme in the cas-
cade by cleavage of a proenzyme and a phospholipid surface, such 
as the platelet membrane. Many reactions are dependent upon an 
additional protein. Initially, factor VIIa binds to tissue factor when 
the luminal surface of a vascular wall is injured. The tissue  factor/
VIIa complex catalyzes the activation of factor X to factor Xa, which 
may occur on the phospholipid surface of activated platelets. The 
tissue factor/VIIa complex also activates factor IX to factor IXa, dem-
onstrating crosstalk between the intrinsic and extrinsic pathways.  

Factor Xa, together with factor Va, Ca2+, and phospholipid, com-
prise the prothrombinase complex that converts prothrombin to 
thrombin. Thrombin has multiple functions in the clotting process, 
including conversion of fibrinogen to fibrin and activation of fac-
tors V, VII, VIII, XI, and XIII, as well as activation of platelets. Factor 
VIIIa combines with factor IXa to form the intrinsic factor complex, 
which catalyzes conversion of factor X to Xa. This intrinsic complex 
(VIIIa/IXa) is approximately 50 times more effective at catalyzing 
factor X activation as compared to the extrinsic (tissue factor VIIa) 
complex.

Factor Xa combines with factor Va to form the prothrombinase 
complex, which converts prothrombin to thrombin. Thrombin, 
once formed, dissociates from the membrane surface and converts 
fibrinogen by two cleavage steps into fibrin and two small peptides 
(fibrinopeptides A and B). Removal of fibrinopeptide A permits 
end-to-end polymerization of the fibrin molecules, whereas cleav-
age of fibrinopeptide B allows side-to-side polymerization of the 
fibrin clot. This latter step is facilitated by thrombin-activatable fibri-
nolysis inhibitor (TAFI), which acts to stabilize the resulting clot.

The coagulation system is exquisitely regulated. Clot forma-
tion must occur to prevent bleeding at the time of vascular injury; 
 however, two related processes must exist to prevent propaga-
tion of the clot beyond the site of injury. First, there is a feedback 
 inhibition on the coagulation cascade, which deactivates the 
enzyme complexes for thrombin formation. Second, fibrinolysis 
allows for breakdown of the fibrin clot and subsequent repair of 
the injured vessel with deposition of connective tissue.

Tissue factor pathway inhibitor (TFPI) blocks the extrinsic tissue 
factor/VIIa complex formation, eliminating production of factors 
Xa and IXa. Antithrombin III neutralizes the procoagulant serine 
proteases and only weakly inhibits the tissue factor/VIIa complex. 
The primary effect of antithrombin III is to halt the production of 
thrombin. A third major mechanism of inhibition of thrombin for-
mation is the protein C system. Once formed, thrombin binds to 
thrombomodulin and activates protein C to an activated protein C  
(APC) complex. Activated protein C forms a complex with protein 
S on phospholipid surfaces to cleave factors Va and VIIIa, prevent-
ing further formation of tissue factor/VIIa or prothrombinase com-
plexes. Through these systems, feedback inhibition of thrombin 
formation exists to “turn off” thrombin procoagulant activation.
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FIGURE 7-3 Summary of the coagulation 
pathways. Specific coagulation factors are 
responsible for conversion of soluble plasma 
fibrinogen into insoluble fibrin. This process 
occurs via a series of linked reactions in 
which the enzymatically active product 
subsequently converts downstream inac-
tive protein into active serine protease. In 
addition, activation of thrombin leads to 
stimulation of platelets. HK, high-molecular-
weight kininogen (“a” is activated form); PK, 
prekallikrein; TF, tissue factor.
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The thrombin-thrombomodulin complex also activates TAFI. 
TAFI removes terminal lysine on the fibrin molecules, rendering 
the clot more susceptible to lysis by plasmin. Degradation of the 
fibrin clot is accomplished by plasmin, a serine protease derived 
from the proenzyme plasminogen. Plasmin formation occurs as a 
result of one of several plasminogen activators. Tissue plasminogen 
activator (tPA) is synthesized by the endothelium and other cells of 
the vascular wall and is the main circulating form of this family 
of enzymes. Tissue plasminogen activator is relatively selective for 
fibrin-bound plasminogen, so that endogenous fibrinolytic activ-
ity occurs predominately at the site of clot formation. The other 
major plasminogen activator, urokinase-type plasminogen activa-
tor (uPA), is also produced by ECs, as well as by urothelium; uPA is 
less selective than tPA for fibrin-bound plasminogen.

Pharmacology of Oral Anticoagulants
Warfarin currently is the most commonly used oral anticoagu-
lant and blocks γ-carboxylation of several glutamate residues in 
prothrombin and factors VII, IX, and X as well as proteins C and S. 
Blocking γ-carboxylation results in biologically inactive coagula-
tion factors, and the carboxylation reaction is coupled to the oxi-
dation of vitamin K. Warfarin prevents reductive metabolism of the 
inactive vitamin K epoxide back to its active hydroquinone form. 
The specific anticoagulant effect of warfarin results from inhibited 
synthesis and degradation of the four vitamin K–dependent clot-
ting factors. The resulting inhibition of coagulation is dependent 
on the half-lives, which are 6, 24, 40, and 60 hours for factors VII, 
IX, X, and II, respectively. Warfarin has several well-characterized 
side effects. It is known to cross the placenta and cause a hem-
orrhagic disorder in the fetus. Fetal proteins with γ-carboxylation 
residues found in bone and blood may be affected by warfarin, 
causing birth defects characterized by abnormal bone formation. 
Cutaneous necrosis with reduced activity of protein C can occur 
during the first weeks of therapy, as can venous thrombosis.

The therapeutic range for oral anticoagulant therapy is defined 
in terms of an international normalized ratio (INR). The INR is 
the PT ratio (patient PT/mean of normal PT for lab)ISI, where the 
ISI exponent refers to the International Sensitivity Index and is 
dependent on the specific reagents and instruments used for the 
determination.

Occasionally, patients exhibit warfarin resistance, defined as pro-
gression or recurrence of a thrombotic event while in the therapeu-
tic range. These individuals may have their INR target raised (which 
is accompanied by an increase in bleeding risk) or be changed to 
an alternative form of anticoagulation. Warfarin resistance is most 
commonly seen in patients with advanced cancers, typically of 
gastrointestinal origin (Trousseau's syndrome).

Oral anticoagulants often interact with other drugs and with dis-
ease states. These interactions can be broadly divided into phar-
macokinetic and pharmacodynamic effects. Pharmacokinetic 
mechanisms for drug interaction with oral anticoagulants are 
mainly enzyme induction, enzyme inhibition, and reduced plasma 
protein binding. Pharmacodynamic mechanisms for interactions 
with warfarin are synergism (impaired hemostasis, reduced clot-
ting factor synthesis, as in hepatic disease), competitive antago-
nism (vitamin K), and an altered physiological control loop for 
vitamin K (hereditary resistance to oral anticoagulants).

The most serious interactions with warfarin are those that 
increase the anticoagulant effect and the risk of bleeding. 
Serious pharmacokinetic interactions are with the pyrazolones 
 phenylbutazone and sulfinpyrazone. These drugs not only augment  
hypoprothrombinemia but also inhibit platelet function. Metro-
nidazole, fluconazole, amiodarone, disulfiram, cimetidine, and 
 trimethoprim-sulfamethoxazole inhibit metabolic  transformation 
of warfarin. Hepatic disease and hyperthyroidism augment 
 warfarin pharmacodynamically by increasing the turnover rate of 
 clotting factors. The third-generation cephalosporins eliminate the 
bacteria in the intestinal tract that produce vitamin K and, like war-
farin, also directly inhibit vitamin K epoxide reductase.

Barbiturates and rifampin cause a marked decrease of the 
anticoagulant effect by induction of hepatic enzymes that trans-
form warfarin. Cholestyramine binds warfarin in the intestine and 
reduces its absorption and bioavailability.

Pharmacodynamic reductions of anticoagulant effect occur 
with vitamin K (increased synthesis of clotting factors), the diuretics 
chlorthalidone and spironolactone (clotting factor concentra-
tion), hereditary resistance (due to genetic variation related to  
vitamin K reactivation), and hypothyroidism (decreased turnover 
rate of clotting factors).

Excessive anticoagulant effect and bleeding from warfarin can 
be reversed by stopping the drug and administering oral or paren-
teral vitamin K

1 (phytonadione), fresh frozen plasma, prothrombin 
complex concentrates such as Bebulin and Proplex T, and recom-
binant factor VIIa (rFVIIa). A modest excess of anticoagulant effect 
without bleeding may require no more than cessation of the drug. 
The effect of warfarin can be rapidly reversed in the setting of 
severe bleeding by administering prothrombin complex or rFVIIa 
coupled with intravenous vitamin K. It is important to note that 
owing to the long half-life of warfarin, a single dose of vitamin K or 
rFVIIa may not be sufficient.

Warfarin has several important limitations: (1) delayed onset 
of anticoagulation because it takes several days to lower the 
levels of the vitamin K–dependent clotting factors into the ther-
apeutic range; (2) multiple drug and food interactions, render-
ing the anticoagulant response unpredictable and coagulation 
monitoring essential; (3) slow reversal of the anticoagulant 
effect of vitamin K antagonists upon cessation of their use, 
unless supplemental vitamin K and/or fresh frozen plasma is 
given; and (4) decreases in the levels of protein C or protein 
S upon initiation of oral anticoagulant therapy can cause skin 
necrosis in individuals whose baseline levels of proteins C or S 
are reduced.

Pharmacology of Thrombin Inhibitors: 
Indirect and Direct
Thrombin is essential to hemostasis. It is responsible for fibrin for-
mation; activation of factor XIII and feedback activation of other 
coagulation factors such as factors V, VIII, and IX; platelet activa-
tion and subsequent aggregation; and it can also act as an anti-
coagulant by binding to thrombomodulin. Thrombin's ubiquitous 
role in maintaining hemostasis makes it a prime target for newer, 
more specific anticoagulant drugs. Thrombin inhibitors can either 
be direct or indirect in their action. Indirect thrombin inhibitors 
include heparin, LMWH, and fondaparinux. Direct thrombin inhibi-
tors (DTIs) include hirudins, bivalirudin, argatroban, dabigatran 
etexilate, and ximelagatran.

Indirect Thrombin Inhibitors
HEPARIN

Heparin is a sulfated polysaccharide and is isolated from mam-
malian tissues rich in mast cells, most notably porcine intestinal 
mucosa. Heparin acts as an anticoagulant by activating antithrom-
bin (antithrombin III), thereby accelerating the rate at which anti-
thrombin inhibits clotting enzymes, particularly thrombin and 
factor Xa. Heparin activates antithrombin by binding to a unique 
pentasaccharide sequence to induce a conformational change 
within antithrombin, rendering it more readily accessible to its tar-
get proteases (Fig. 7-4). This conformational change enhances the 
rate at which antithrombin inhibits factor Xa but has little effect 
on the rate of thrombin inhibition. To catalyze thrombin inhibition, 
heparin serves as a template that simultaneously binds antithrom-
bin and thrombin. Formation of this ternary structure allows close 
apposition, promoting formation of a stable covalent thrombin-
antithrombin complex. Heparin additionally causes release of TFPI 
from the endothelium, a tissue factor–bound factor VIIa inhibitor, 
further enhancing its anticoagulant effects.



101

CH 
7

PH
A

R
m

A
C

o
lo

g
y

 o
f A

n
T

iT
H

R
o

m
bo

T
iC

 D
Ru

g
s

Heparin binds to the endothelium and to plasma proteins, 
explaining its dose-dependent clearance. At low doses, the half-life 
of heparin is short because it binds rapidly to the endothelium. 
Clearance is mainly extrarenal, as heparin binds to macrophages, 
which internalize and depolymerize the long heparin chains and 
secrete shorter chains back into the circulation. Because of its 
dose-dependent clearance mechanism, the plasma half-life of hep-
arin ranges from 30 to 60 minutes.

Heparins binding to plasma proteins, especially acute-phase 
reactants whose levels are elevated in ill patients, may make the 
anticoagulant response unpredictable to fixed or weight-adjusted 
doses. Consequently, coagulation monitoring is essential to ensure 
that a therapeutic response is obtained. This is particularly impor-
tant when heparin is administered for treatment of established 
thrombosis because a subtherapeutic anticoagulant response may 
render patients at risk for recurrent thrombosis, whereas exces-
sive anticoagulation increases bleeding risk. Heparin therapy can 
be monitored using the APTT or anti–factor Xa level. Anti–factor 
Xa levels also can be used to monitor heparin therapy. Although  
gaining in popularity, anti–factor Xa assays have yet to be standard-
ized, and results can vary widely between laboratories.

The most common side effect of heparin is bleeding. Other com-
plications include thrombocytopenia, osteoporosis, and elevated 
levels of transaminases. The risk of heparin-induced bleeding 
increases with higher heparin doses. Concomitant administration 
of drugs that affect hemostasis, such as antiplatelet or fibrinolytic 
agents, increases bleeding risk, as does recent surgery or trauma. 
Heparin-treated patients with serious bleeding can be given prot-
amine sulfate to neutralize the heparin. Protamine sulfate binds 
heparin with high affinity, and the resultant protamine-heparin 
complexes are then cleared. Typically, 1 mg of protamine sulfate 
neutralizes 100 units of heparin. Anaphylactoid reactions to prot-
amine sulfate can occur, and drug administration by slow IV infu-
sion is recommended to reduce the risk.

Heparin can cause a drop in platelet count in the form of 
 heparin-induced thrombocytopenia (HIT). Heparin-induced 
thrombocytopenia is an antibody-mediated process triggered 
by antibodies directed against  neoantigens on platelet factor 4 
(PF4). These antibodies (IgG isotype) bind simultaneously to the 
heparin-PF4 complex and to platelet Fc receptors. Such bind-
ing activates the platelets and generates platelet microparticles. 
Circulating microparticles are prothrombotic and can bind  

clotting factors and promote thrombin generation. Typically, 
HIT occurs 5 to 14 days after initiation of heparin therapy, but it 
can manifest earlier. It is rare for the platelet count to fall below 
100,000/mL in patients with HIT, and even a 50% decrease in plate-
let count from the pretreatment value should raise the suspicion 
of HIT in those receiving heparin. The diagnosis of HIT is estab-
lished using enzyme-linked assays to detect antibodies against 
heparin-PF4 complexes or with platelet activation assays. Enzyme-
linked assays are sensitive but can be positive in the absence of 
any clinical evidence of HIT. Another diagnostic test is the sero-
tonin release assay. This test is performed by quantifying serotonin 
release when washed platelets loaded with labeled serotonin are 
exposed to patient serum in the absence or presence of varying 
concentrations of heparin. If the patient serum contains the HIT 
antibody, heparin addition induces platelet activation and sero-
tonin release.

Heparin is stopped in patients with suspected or documented 
HIT, and an alternative anticoagulant should be administered to 
prevent or treat thrombosis. The agents most often used for this 
indication are parenteral DTIs (e.g., lepirudin, argatroban, bivali-
rudin) or factor Xa inhibitors (e.g., fondaparinux, danaparoid). 
Patients with HIT, particularly those with associated thrombosis, 
often have evidence of increased thrombin generation that can 
lead to consumption of protein C; if given warfarin without a con-
comitant parenteral anticoagulant, this can trigger skin necrosis.

LOW-MOLECULAR-WEIGHT HEPARIN

Low-molecular-weight heparin consists of smaller fragments of 
heparin and is prepared from unfractionated heparin (UFH) by 
controlled enzymatic depolymerization. Low-molecular-weight 
heparin provides advantages over heparin in that it has better bio-
availability and longer half-life, simplified dosing, predictable anti-
coagulant response, lower risk of HIT, and lower risk of osteoporosis.

Like heparin, LMWH exerts its anticoagulant activity by acti-
vating antithrombin. Even though LMWH consists of shorter 
pentasaccharide-containing chains, they retain greater capacity 
to accelerate factor Xa inhibition by antithrombin (see Fig. 7-4). 
Consequently, many forms of LMWH catalyze factor Xa inhibition 
by antithrombin more than thrombin inhibition.

Since LMWH contains shorter chains, they bind less avidly to ECs, 
macrophages, and heparin-binding plasma proteins. Reduced binding 
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FIGURE 7-4 Comparative mechanisms 
of action of selected anticoagulants.
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to ECs and macrophages eliminates the rapid  dose-dependent and 
saturable mechanism of clearance that is a characteristic of UFH. 
Instead, clearance of LMWH is dose independent, and its plasma 
half-life is longer at approximately 4 hours. Low-molecular-weight 
heparin is cleared almost exclusively by the kidney, and the drug can 
accumulate in patients with renal insufficiency.

Because Low-molecular-weight heparin binds less avidly to 
 heparin-binding proteins in plasma than heparin, LMWH produces 
a more predictable dose response, and resistance is rare. With a lon-
ger half-life and more predictable anticoagulant response, LMWH 
can be given subcutaneously once or twice daily without coagula-
tion monitoring, even when the drug is given in treatment doses. In 
the majority of patients, LMWH does not require coagulation moni-
toring. If monitoring is necessary, anti–factor Xa levels must be mea-
sured because most LMWH preparations have little effect on APTT.

Indications for LMWH monitoring include renal insufficiency and 
obesity. Low-molecular-weight heparin monitoring in patients with 
a creatinine clearance of less than 50 mL/min is advisable to ensure 
there is no drug accumulation. It may also be advisable to moni-
tor the anticoagulant activity of LMWH during pregnancy, because 
dose requirements can change, particularly in the third trimester. 
Monitoring should also be considered in high-risk settings, such as 
in patients with mechanical heart valves who are given LMWH for 
prevention of valve thrombosis, and when LMWH is used in treat-
ment doses in infants or children.

The major complication of LMWH is bleeding. Meta-analyses sug-
gest that the risk of major bleeding is lower with LMWH than with 
UFH. Heparin-induced thrombocytopenia and osteoporosis are 
less common with LMWH than with UFH. As with heparin, bleed-
ing with LMWH is more common in patients receiving concomi-
tant therapy with antiplatelet or fibrinolytic drugs. Recent surgery, 
trauma, or underlying hemostatic defects also increase the risk of 
bleeding with LMWH. Although protamine sulfate can be used as 
an antidote for LMWH, it incompletely neutralizes the anticoagu-
lant activity of LMWH because it only binds the longer chains of 
LMWH and is only partially reversed.

The risk of HIT is about fivefold lower with LMWH than with 
heparin. Low-molecular-weight heparin binds less avidly to plate-
lets and causes less PF4 release. Furthermore, with lower affinity 
for PF4 than heparin, LMWH is less likely to induce the conforma-
tional changes in PF4 that trigger the formation of HIT antibodies.  
Low-molecular-weight heparin should not be used to treat HIT 
patients because most HIT antibodies exhibit cross-reactivity 
with LMWH. This in vitro cross-reactivity is not simply a laboratory  
phenomenon; there are case reports of thrombosis when HIT 
patients are treated with LMWH.

FONDAPARINUX

Fondaparinux is a synthetic analog of the antithrombin-binding 
pentasaccharide sequence that differs from LMWH in several ways. 
As a synthetic analog of the antithrombin-binding pentasaccha-
ride sequence found in heparin and LMWH, fondaparinux binds 
only to antithrombin and is too short to bridge thrombin to anti-
thrombin (see Fig. 7-4). Consequently, fondaparinux catalyzes fac-
tor Xa inhibition by antithrombin and does not enhance the rate of 
thrombin inhibition. Fondaparinux is licensed for thromboprophy-
laxis in general surgical and high-risk orthopedic patients and as 
an alternative to heparin or LMWH for initial treatment of patients 
with established venous thromboembolism (VTE).

Fondaparinux does not bind to ECs or plasma proteins. 
Clearance of fondaparinux is dose independent, and its plasma 
half-life is 17 hours. Because fondaparinux is cleared unchanged 
via the kidney, it is contraindicated in patients with a creatinine 
clearance below 30 mL/min and should be used with caution in 
those with a creatinine clearance below 50 mL/min. Fondaparinux 
produces a predictable anticoagulant response after administration 
in fixed doses because it does not bind to plasma proteins.

Fondaparinux does not cause HIT because it does not 
bind to PF4. In contrast to LMWH, there is no cross-reactivity of 

fondaparinux with HIT antibodies. Consequently, fondaparinux 
appears to be effective for treatment of HIT patients, although large 
clinical trials supporting its use are lacking.

The major side effect of fondaparinux is bleeding. There is no 
antidote for this drug. Protamine sulfate has no effect on the antico-
agulant activity of fondaparinux because it fails to bind to the drug. 
Recombinant activated factor VII reverses the anticoagulant effects 
of fondaparinux in volunteers, but it is unknown whether this agent 
will control fondaparinux-induced bleeding.

Direct Thrombin Inhibitors
Direct thrombin inhibitors bind thrombin with high  affinity, pre-
venting the interaction of thrombin with its substrates. Direct 
thrombin inhibitors inhibit platelet PAR receptors, without interfer-
ing with the  platelet hemostatic role. Licensed DTIs include hiru-
din, bivalirudin, and argatroban; a number of novel products are 
in development. Theoretical advantages of DTIs include activity 
against  fibrin-bound thrombin, less nonspecific binding to pro-
teins and platelets, lack of a requirement for a cofactor, an absence 
of natural inhibitors, and a wider therapeutic window. As a result 
of their predictable pharmacokinetic profile and reduced specific 
and nonspecific protein binding, the oral DTIs also have the poten-
tial to be used without laboratory monitoring—a major advantage 
over current oral anticoagulants.

Parenteral Direct Thrombin Inhibitors
HIRUDINS

Hirudin consists of a single polypeptide chain of 65 amino acids 
with increased affinity for thrombin. Various recombinant hiru-
dins have since been developed (lepirudin and desirudin). They 
are bivalent DTIs and bind thrombin with high affinity, forming 
noncovalent irreversible complexes. Their plasma half-life is 
approximately 1 to 2 hours, and they distribute widely in the extra-
vascular space. Clearance is primarily through the kidney, so  
dose adjustment is required in the setting of impaired renal func-
tion.58 Monitoring hirudin is challenging, since plasma levels 
must be determined using enzyme-linked immunosorbent assays 
(ELISA), which are costly and limited in availability. Hirudins are 
associated with bleeding, thus requiring monitoring to avoid 
excessive anticoagulation. Since hirudin prolongs APTT, it is widely 
used to monitor therapy. Lepirudin is licensed for use in patients 
with HIT with thrombosis. Major bleeding occurs in 18% to 20% 
of patients receiving lepirudin for treatment of HIT. Clinical use of  
commercially available hirudins is complicated by the develop-
ment of antibodies. Studies have shown that over 40% of lepirudin- 
treated patients develop IgG antibodies against lepirudin.59  
Antilepirudin antibodies typically form 1 to 4 weeks after initia-
tion of treatment and in most cases are not associated with any 
adverse clinical outcomes. In 10% of lepirudin-treated patients, 
however, formation of antibodies delay clearance of lepirudin, 
enhancing its anticoagulant effect.59 Anaphylaxis, which can be 
fatal, has also been reported in patients receiving intravenous 
bolus lepirudin for treatment of HIT.60 Lepirudin use in patients 
with HIT is based on the findings of three prospective, histori-
cally controlled cohort studies, HAT-1, HAT-2, and HAT-3. These 
studies found that compared with historical controls, lepirudin 
reduced the frequency of the composite endpoint of all-cause 
mortality, new thrombosis, or limb amputation in patients with 
HIT.61 Lepirudin was also associated with significantly reduced 
new thrombosis. Lepirudin additionally has been studied in the 
setting of non-ST-segment ACS. When compared with heparin, 
10,141 patients with ACS  lepirudin significantly reduced the inci-
dence of cardiovascular death, refractory angina, or new MI at 
7 days from 6.7% to 5.6%, but also significantly increased the rate 
of major bleeding from 0.7% to 1.2%.62 Lepirudin has not been 
approved for use in ACS, but such results support the hypothesis 
that hirudins are superior to heparin in preventing recurrent isch-
emia; however, they do so within a narrow therapeutic window.
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Desirudin is a hirudin used for thromboprophylaxis in patients 
undergoing elective hip or knee surgery. Desirudin is used for 9 to 
12 days, or until the patient is fully ambulatory. Unlike lepirudin, desi-
rudin monitoring is unnecessary. Like lepirudin, bleeding is the most 
common side effect. When receiving desirudin for thromboprophy-
laxis, approximately 10% of patients also develop antibodies of the 
IgG class against hirudin. These antibodies have not been associ-
ated with altered plasma concentrations of desirudin, deep vein 
thrombosis (DVT), pulmonary embolism (PE), allergic reactions, or 
hemorrhage.63 Desirudin is currently approved in Europe for throm-
boprophylaxis in patients undergoing elective hip or knee surgery.  
Approval is based on findings of two multicenter randomized  
double-blind trials. In the first study, desirudin 15 mg subcutaneously 
twice daily was compared to UHF, 5000 international units, three 
times daily in patients undergoing primary elective total hip replace-
ment (THR). Desirudin was associated with a significantly lower rate 
of all DVT and proximal DVT.64 In the second study, desirudin 15 mg 
subcutaneously twice daily was compared to enoxaparin 40 mg sub-
cutaneously once daily in patients undergoing elective THR. Duration 
of treatment was 8 to 12 days, and DVT during the treatment period 
was verified by mandatory bilateral venography. Desirudin was asso-
ciated with a significantly lower rate of proximal DVT and overall DVT. 
There was no significant difference in bleeding, transfusion require-
ments, or thrombocytopenia between the groups.65

BIVALIRUDIN

Bivalirudin is a hirudin analog with high-affinity binding to throm-
bin. Once bound, however, thrombin cleaves the Arg-Pro in the 
N-terminus of bivalirudin, allowing for recovery of thrombin activ-
ity and subsequent competing of fibrinogen with the bivalirudin 
remnant for thrombin.66 Unlike hirudin, only 20% of bivalirudin is 
excreted via the kidney; the remainder is eliminated by proteo-
lytic enzymatic degradation. Both APTT and activated clotting time 
(ACT) have been used to monitor bivalirudin. Bivalirudin has been 
licensed as an alternative to heparin in patients undergoing PCI 
and for patients with HIT who require PCI. A prospective trial com-
paring bivalirudin with high-dose heparin in 1261 patients demon-
strated a lower rate of death, MI, or repeat revascularization.67 The 
REPLACE-1 trial compared bivalirudin to heparin in 1056 patients 
undergoing coronary stenting with GPIIb/IIIa inhibitors. There was 
a trend toward a reduction in the combined endpoint of death, MI, 
or revascularization with bivalirudin at 48 hours; there was no dif-
ference in major bleeding.68 In REPLACE-2, bivalirudin was as effec-
tive as heparin plus GPIIb/IIIa inhibition in reducing death, MI, and 
revascularization. Bivalirudin was also associated with significant 
reduction in the incidence of bleeding and thrombocytopenia.69 In 
the Acute Catheterization and Urgent Intervention Triage Strategy 
(ACUITY) trial, patients with moderate- to high-risk unstable angina 
or non-ST-segment elevation myocardial infarction (NSTEMI) 
undergoing early invasive management70 demonstrated that bivali-
rudin alone was noninferior to heparin (either UFH or enoxapa-
rin) plus GPIIb/IIIa inhibitors in terms of mortality and the primary 
endpoint. It was also associated with significantly less bleeding. At 
1 year, bivalirudin was still noninferior to heparin in terms of the 
primary endpoint and mortality rates; however, bivalirudin, either 
alone or with GPIIb/IIIa inhibitors, continued to be associated with 
significantly less bleeding. Results were similar in patients triaged to 
medical management, PCI, or coronary artery bypass surgery. The 
ACUITY trial showed a strong association between major bleeding 
in the first 30 days and risk of death over 1 year.70

ARGATROBAN

Argatroban is a potent agent that differs from parenteral DTIs in 
that it binds reversibly to the active site of both free and clot-bound 
thrombin.71 Argatroban is metabolized by the liver, and its  clearance 
is reduced in patients with moderate hepatic impairment (Child-
Pugh > 6). Thus, significant reductions in argatroban dose are 
required for individuals with moderate hepatic impairment, and the 
drug is contraindicated in patients with severe hepatic dysfunction.  

No dose adjustment is needed in the setting of renal impairment.72 
Argatroban increases APTT, PT/INR, thrombin time, ecarin clotting 
time, and ACT in a dose-dependent fashion.

The major side effect of argatroban is bleeding. Because there is 
no specific antidote, excessive bleeding can only be managed by 
stopping the argatroban infusion and providing supportive therapy. 
In patients with normal hepatic function, the anticoagulant effect 
of argatroban disappears 2 to 4 hours after stopping the infusion. 
However, the anticoagulant effects of argatroban may persist for up 
to 24 hours in patients with hepatic impairment. A major challenge 
of argatroban is its effect on PT/INR. When overlapped with war-
farin, PT/INR is prolonged beyond what would be expected with 
warfarin alone, making dose adjustment of either drug difficult.73

Two multicenter phase III prospective trials of argatroban in 
HIT have been completed. When compared with historical con-
trols, patients on argatroban had reduced rates of thrombosis and 
death due to thrombosis, without an increase in bleeding.74 On the 
basis of these findings, argatroban has been approved for treat-
ment of thrombosis and for thromboprophylaxis in patients with 
HIT, including those undergoing PCI with HIT.75 Increasing data 
supporting the use of argatroban in patients without HIT undergo-
ing PCI has been emerging. A 2007 multicenter prospective pilot 
study evaluated efficacy and safety of argatroban in combina-
tion with the GPIIb/IIIa inhibitors abciximab or eptifibatide in 152 
patients. The primary efficacy endpoint (a composite of death, MI, 
or urgent revascularization at 30 days) occurred in 2.6% of patients, 
and major bleeding occurred in 1.3% of patients.76 This study also 
showed that argatroban in combination with GPIIb/IIIa inhibition 
was an adequate anticoagulant with an acceptable bleeding risk.

Oral Direct Thrombin Inhibitors
XIMELAGATRAN

Because of the significant limitations of warfarin, alternative oral 
DTIs have undergone significant development and clinical study. 
Ximelagatran, the orally available prodrug of the univalent DTI 
melagatran, was the first drug in this class to generate widespread 
interest.77 Although ximelagatran was shown to be as effective as 
warfarin in preventing stroke or systemic embolism in the setting 
of atrial fibrillation,78 there were questions about its safety profile. 
The open-label SPORTIF III trial compared ximelagatran with war-
farin for prevention of stroke and systemic embolism, and although 
ximelagatran was shown to be noninferior to warfarin in preventing 
stroke and systemic embolism, serum alanine aminotransferase lev-
els rose to greater than three times the upper limit of normal in 6% 
of individuals in the ximelagatran group and greater than five times 
the upper limit of normal in 3.4% of individuals in the ximelagatran 
group.79 Significant safety concerns regarding increased liver toxic-
ity without a significant offsetting advantage in major bleeding led 
the U.S. Food and Drug Administration (FDA) to reject the sponsor's 
application for ximelagatran in 2004.

DABIGATRAN ETEXILATE

Like ximelagatran, dabigatran etexilate is a prodrug. Once absorbed, 
the drug is rapidly converted by esterases to dabigatran, whose levels 
peak in approximately 1 to 2 hours. Dabigatran is a small-molecule  
reversible inhibitor that binds to the active site of thrombin. The 
half-life of dabigatran is approximately 12 hours, and it is primar-
ily eliminated via the kidney.80 The half-life is prolonged in the 
elderly, reflecting their impaired renal function.81 The pharma-
cokinetics and pharmacodynamics of dabigatran are not influ-
enced by CYP P450 enzymes and other hepatic oxidoreductases 
and thus do not interfere with drugs that are metabolized by the 
P450 enzyme system.80 Dabigatran produces a predictable antico-
agulant response. Therefore, routine coagulation monitoring is not 
necessary. Dabigatran prolongs ecarin clotting time, APTT, and PT/
INR in a dose-dependent fashion.81 Because these widely available 
tests have not been used in the clinical setting for monitoring, tar-
get levels are unknown.
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The major side effect of dabigatran is hemorrhage. No specific 
antidote is available. Consequently, bleeding complications must 
be managed symptomatically. Although not well studied, dialysis 
or hemoperfusion likely removes this compound from the circula-
tion, and administration of activated coagulation factor complexes 
such as FEIBA, Autoplex, or rFVIIa may overcome its anticoagu-
lant effect.82 Several clinical trials have demonstrated dabiga-
tran's antithrombotic effect. The phase II Boehringer Ingelheim 
Study in Thrombosis II (BISTRO II) trial compared oral dabi-
gatran with enoxaparin as thromboprophylaxis after total hip or 
total knee replacement.83 Dabigatran was administered at doses 
of 50 mg, 150 mg, or 225 mg twice daily, or 300 mg once daily for 6 
to 10 days. A significant dose-dependent decrease in VTE occurred 
with increasing doses of dabigatran etexilate. Overall VTE rates 
were 28.5% in patients receiving 50 mg of dabigatran twice daily, 
17.4% in patients receiving 150 mg of dabigatran twice daily, 13.1% 
in patients receiving 225 mg of dabigatran twice daily, 16.6% in 
patients receiving 300 mg of dabigatran once daily, and 24% in 
patients receiving enoxaparin. The risk of serious bleeding with 
dabigatran increased in a dose-dependent manner as well, but 
did not reach statistical significance at any dose. Serious bleed-
ing occurred in 0.3% of patients receiving 50 mg of dabigatran 
twice daily, 4.1% of patients receiving 150 mg of dabigatran twice 
daily, 4.8% of patients receiving 225 mg of dabigatran twice daily,  
and 4.7% of patients receiving 300 mg of dabigatran once daily. 
Serious bleeding occurred in 2.0% of patients receiving enoxaparin.

The RE-NOVATE study demonstrated that dabigatran etexilate 
was as effective as enoxaparin for preventing VTE after THR, with 
a similar safety profile.84 This double-blind, noninferiority trial ran-
domized 3494 patients to treatment for 28 to 35 days with dabi-
gatran etexilate 220 mg or 150 mg once daily, or subcutaneous 
enoxaparin 40 mg once daily. The primary efficacy outcome was 
the composite of total VTE and all-cause mortality. Both doses of 
dabigatran etexilate were noninferior to enoxaparin, with the pri-
mary efficacy outcome occurring in 6.7% of patients in the enoxa-
parin group vs. 6.0% of patients in the dabigatran etexilate 220-mg 
group, and 8.6% of patients in the 150-mg group. There was no sig-
nificant difference in major bleeding rates with either dose of dabi-
gatran etexilate compared to enoxaparin. There was no difference 
in the frequency of liver enzyme elevation.

The subsequent REMODEL trial reproduced these results in 2076 
patients undergoing total knee replacement (TKR).85 The primary  
efficacy outcome occurred in 37.7% of the enoxaparin group vs.  
36.4% of the dabigatran etexilate 220-mg group and 40.5% of the 150-mg  
group. Both doses of dabigatran etexilate were thus noninferior to 
enoxaparin. Incidence of major bleeding did not differ significantly 
between the three groups (1.3% vs. 1.5% and 1.3%, respectively), and 
there were no significant differences in liver enzyme elevation.

The RE-MOBILIZE trial was similar in design to the RE-MODEL 
and, in contrast to REMODEL, failed to show equivalence for a 
composite endpoint of proximal DVT, distal DVT, PE, and all-cause 
mortality.84 Warfarin is often used for thromboprophylaxis after 
knee arthroplasty in centers in North America, but it has not been 
directly compared to dabigatran in a clinical trial. Dabigatran has 
undergone study for initial and long-term treatment of patients 
with established VTE. The Randomised Evaluation of Long-Term 
Anticoagulant Therapy (RE-LY) trial demonstrated that in 18,133 
patients with atrial fibrillation, primary outcome of stroke or embo-
lism was lower in patients on dabigatran as compared to warfarin, 
as was bleeding.86 Dabigatran has been approved for use in the 
United States and is in use in Europe.

Oral Factor Xa Inhibitors
RIVAROXABAN

Rivaroxaban is in development for prevention and treatment of 
thromboembolic disorders, including VTE prevention following 
orthopedic surgery, treatment of DVT and PE, ACS, and stroke pre-
vention in patients with atrial fibrillation. Rivaroxaban is a potent  

inhibitor of factor Xa and does not inhibit thrombin-induced  
platelet aggregation, but it attenuates tissue factor–induced  
platelet aggregation indirectly through inhibition of thrombin  
generation.87 The antithrombotic efficacy of rivaroxaban has been 
demonstrated in various animal models of arterial or venous 
thrombosis across doses that do not prolong bleeding times.87 
When combined with ASA or clopidogrel, the antithrombotic 
potency of rivaroxaban is enhanced.88

In healthy subjects and patients undergoing orthopedic surgery, 
rivaroxaban displays predictable pharmacokinetics and pharma-
codynamics.89 The half-life is between 7.6 and 9.1 hours. Plasma 
levels of rivaroxaban correlate well with both inhibition of fac-
tor Xa activity and prolongation of PT, as assessed in healthy sub-
jects who received multiple doses of rivaroxaban across a wide 
dose range.90 The pharmacodynamic effects of rivaroxaban (as 
measured by endogenous thrombin potential) are sustained 
for 24 hours after single oral doses, thus supporting once-daily  
dosing.91 Age, gender, and body weight have not been shown to 
exert clinically significant effects on the pharmacokinetic or phar-
macodynamic profiles of rivaroxaban. Rivaroxaban has a dual 
mode of elimination: one third is excreted unchanged via the kid-
neys and the remaining two thirds of the drug is metabolized by 
the liver; there are no major or active circulating metabolites.92 It 
does not interact with or mobilize PF4 on platelets, and is therefore 
unlikely to induce the conformational changes in PF4 necessary 
for cross-reaction with HIT antibodies.

Four dose-finding clinical studies (one phase IIa and three 
phase IIb) have assessed the potential efficacy and safety of riva-
roxaban for thromboprophylaxis in patients undergoing major 
orthopedic surgery.84,93–95 All four studies assessed rivaroxaban rela-
tive to conventional anticoagulants and measured the composite 
of the incidence of any DVT or objectively confirmed nonfatal PE 
or all-cause mortality as the primary endpoint and major bleed-
ing as the primary safety endpoint. Results from these studies sup-
port the feasibility of daily dosing. The 10 mg daily dose provided 
the optimal balance between efficacy and safety in the phase 
II trials and was therefore selected for further study in phase III 
trials. There has been no evidence of liver toxicity. The RECORD  
program (Regulation of Coagulation in Major Orthopedic Surgery 
Reducing the Risk of DVT and PE) was initiated in December 
2005 and enrolled more than 12,500 patients worldwide to par-
ticipate in four multicenter randomized, active-controlled, 
double-blind studies of rivaroxaban prophylaxis in patients under-
going THR (RECORD1 and RECORD2) and TKR (RECORD3 and 
RECORD4).96–99 Rivaroxaban was significantly more effective in 
prevention of VTE after TKR and THR. These three phase III studies 
demonstrate that a fixed daily unmonitored dose of rivaroxaban 
provides a safe and effective option for short-term and extended 
thromboprophylaxis after major orthopedic surgery.

Rivaroxaban was also assessed for treatment of VTE in two ran-
domized phase IIb double-blind, dose-ranging studies of rivaroxa-
ban administered for 12 weeks in patients with acute symptomatic 
proximal DVT (without PE) vs. parenteral UFH or LMWH and a vita-
min K antagonist.100 These two studies of more than 1150 patients 
suggested that efficacy of rivaroxaban for treatment of proximal 
DVT was similar to that achieved with standard anticoagulation 
therapy, with no significant dose-response relationship for the pri-
mary efficacy endpoints and low rates of VTE recurrence and 
bleeding events. Following on from the promising findings in the 
VTE treatment studies, phase III studies of long-term rivaroxaban 
for stroke prevention in patients with atrial fibrillation are underway. 
ROCKET-AF is a randomized double-blind study designed to assess 
efficacy and safety of rivaroxaban (20 mg daily) relative to dose-
adjusted warfarin for stroke prevention in approximately 14,000 
patients with atrial fibrillation. A large dose-finding  randomized, 
double-blind, placebo-controlled phase II study is also underway 
to investigate the efficacy and safety of rivaroxaban alone or in 
combination with ASA or ASA and thienopyridine, for secondary 
prevention of fatal and nonfatal cardiovascular events in patients 
with recent ACS.
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APIXABAN

Apixaban is in clinical development for prevention of VTE in 
patients undergoing THR and TKR, in patients with advanced meta-
static cancer and in medically ill patients, secondary prevention in 
patients with ACS, prevention of stroke in nonvalvular atrial fibril-
lation, and treatment of VTE. Apixaban is a follow-up to razaxa-
ban. Clinical development of razaxaban was stopped following a 
phase II trial in patients undergoing TKR, in which the three higher 
dosages of razaxaban caused major bleeding. Apixaban has an 
improved pharmacological profile relative to razaxaban.

Apixaban is a highly potent and selective direct inhibitor of factor 
Xa. Apixaban is eliminated via multiple pathways; 70% of the com-
pound is eliminated in feces, and 25% is eliminated via the renal 
pathway. In two double-blind randomized,  placebo-controlled, 
dose-escalation studies in healthy males, oral apixaban demon-
strated predictable pharmacokinetics with single doses, with maxi-
mum plasma concentrations achieved 1.5 to 3.5 hours after oral 
administration of the drug.

Efficacy and safety of apixaban for prevention of VTE in patients 
undergoing TKR was evaluated in a phase IIb trial (APROPOS).101 
In this study, 1217 patients were randomized to receive one of six 
doses of apixaban (5 mg, 10 mg, or 20 mg, administered once or twice 
daily), open-label enoxaparin 30 mg twice daily, or warfarin for 10 
to 14 days. Apixaban and enoxaparin were initiated 12 to 24 hours 
after surgery, whereas warfarin was started in the evening of the day 
of surgery. Rates of VTE and all-cause mortality, the primary efficacy 
endpoint, were significantly lower in the combined apixaban groups 
(8.6%) than in either the enoxaparin or warfarin groups (15.6% 
[P < 0.02] and 26.6% [P < 0.001], respectively). The primary safety  
endpoint of major bleeding was similar between treatment groups.

A recent double-blind randomized dose-finding trial investigated 
the efficacy and safety of apixaban in patients with confirmed DVT 
(proximal DVT or extensive calf DVT). Frequency of the primary 
efficacy endpoint (composite of symptomatic recurrent VTE and 
deterioration of the thrombotic burden, as assessed by repeat bilat-
eral compression ultrasound and perfusion lung scan) was simi-
lar in the apixaban 5 mg twice daily and 10 mg twice daily groups 
(6.0% and 5.6%, respectively) and lower in the apixaban 20 mg 
daily group (2.6%). Early evaluation of results from phase III study 
of apixaban for prevention of VTE in patients undergoing TKR, how-
ever, indicate that the primary endpoint was not met.102

A placebo-controlled phase II pilot study is in progress to investi-
gate apixaban for prevention of thromboembolic events in patients 
undergoing treatment for advanced cancer (ADVOCATE). Efficacy 
and safety of a 30-day regimen of apixaban compared with enoxa-
parin for prevention of VTE in acutely medically ill patients has 
been initiated in a phase III study. Two phase III studies of apixa-
ban for stroke prevention in atrial fibrillation are in progress. One 
is designed to evaluate efficacy and safety of apixaban vs. warfarin 
in preventing stroke and systemic embolism in 15,000 patients with 
nonvalvular atrial fibrillation and at least one additional risk factor 
for stroke (ARISTOTLE). The second trial is assessing whether apix-
aban is superior to ASA in preventing stroke or systemic embolism 
in 5600 patients with atrial fibrillation and at least one additional 
risk factor for stroke who refuse or are unsuitable for treatment 
with a vitamin K antagonist (AVERROES). A large phase II placebo-
controlled study is examining the efficacy and safety of apixaban 
in patients with recent ACS (APPRAISE-2).

DU-176b

DU-176b is an oral direct factor Xa inhibitor in early clinical devel-
opment for prophylaxis and treatment of thrombotic disorders. It 
is a potent inhibitor of factor Xa, with a 10,000-fold higher selec-
tivity for factor Xa than for thrombin. DU-176b dose-dependently 
prolongs clotting times and decreases thrombin generation and 
platelet aggregation. A phase I study in 12 healthy adults demon-
strated that DU-176b was able to reduce thrombus formation ex 
vivo in a Badimon chamber. The antithrombotic effects of DU-176b 

were sustained for up to 5 hours, with maximum inhibition of fac-
tor Xa activity occurring 1.5 hours after administration.103 A recent 
phase II study evaluating the efficacy and safety of DU-176b for pre-
vention of VTE in patients undergoing total knee arthroplasty dem-
onstrated significant dose-dependent reductions in VTE in patients 
undergoing total knee arthroplasty, with a bleeding incidence simi-
lar to placebo.104 In a phase II study of prevention of stroke in atrial 
fibrillation, patients will receive DU-176b or warfarin for 3 months.

LY517717

LY517717 is an indol-6-yl-carbonyl derivative in development for 
treatment and prophylaxis of thromboembolic disorders. It is a 
factor Xa inhibitor with 1000-fold higher selectivity for factor Xa 
than other serine proteases, and high oral availability.105 In humans, 
anticoagulant activity of LY517717 peaked within 0.5 to 4 hours of 
administration, and a terminal half-life of approximately 27 hours 
was observed, with the gastrointestinal tract as the main elimina-
tion route. A phase II double-blind parallel-group, dose-ranging 
study of LY517717 was undertaken in 511 patients undergoing 
THR or TKR. LY517717 was investigated relative to enoxaparin.106 
The primary efficacy endpoint was a composite of DVT, and for the 
higher doses of LY517717, incidences of VTE were 19% (100 mg), 
19% (125 mg), and 16% (150 mg), compared to 21% for enoxaparin, 
indicating that LY517717 at these doses was noninferior to enoxa-
parin according to prespecified criteria. Further development of 
LY517717 is planned, with phase III trials for prevention of VTE.

BETRIXABAN

Betrixaban is a potent inhibitor of factor Xa, with a half-life of 19 
hours. The antithrombotic activity of betrixaban, demonstrated 
in different animal models of arterial and venous thrombosis, 
has been shown to occur at doses that inhibit thrombin genera-
tion in human blood. A phase I dose-escalation study in 64 sub-
jects revealed that betrixaban had minimal interactions with 
food and predictable pharmacokinetics and pharmacodynam-
ics.107 Furthermore, betrixaban undergoes minimal renal excretion 
because it is predominantly eliminated unchanged in bile. In a 
phase IIa proof-of-concept study (EXPERT), betrixaban was inves-
tigated relative to enoxaparin administered for 10 to 14 days.108 The 
primary efficacy endpoint was the incidence of VTE (symptom-
atic DVT or PE or asymptomatic DVT on a mandatory venogram) 
on days 10 to 14. Rates of VTE were 20% and 15%, respectively, in 
patients receiving betrixaban, and 10% in patients receiving enoxa-
parin. Further clinical studies for prevention and treatment of VTE, 
stroke prevention in atrial fibrillation, and secondary prevention of 
stroke and MI are planned.

YM150

YM150 is in development for prevention of VTE. YM150 has a major 
active metabolite, YM-222741, against factor Xa. A randomized open-
label, phase IIa dose-escalation trial in 178 patients undergoing 
THR assessed YM150 for 7 to 10 days after surgery, relative to enoxa-
parin.109 The primary endpoint was major and/or clinically relevant 
nonmajor bleeding, and the main efficacy endpoint was the com-
posite of DVT detected by mandatory bilateral venography, con-
firmed symptomatic DVT, PE, and all-cause mortality. There were 
no major bleeding events during the study and three clinically rel-
evant nonmajor bleeding events. Venous thromboembolism inci-
dence was dose dependent, ranging from 52% for 3-mg dosing to 
19% at 60 mg; incidence of VTE in the enoxaparin group was 39%.110 
A phase IIb study of YM150 (5-120 mg daily) for prevention of VTE 
after THR has been completed recently.110 Incidence of the primary 
efficacy endpoint (composite of DVT, symptomatic VTE, PE, and 
death up to day 7 to 10 of treatment) ranged from 31.7% to 13.3% 
and decreased significantly with increasing doses of YM150 (P < 
0.0002). A further phase II study will assess the pharmacokinetics,  
pharmacodynamics, safety, and tolerability of YM150 in an atrial 
fibrillation patient population.
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Factor IX Inhibitors
Coagulation is a complex process in which circulating soluble pro-
teins, cellular elements, and tissue-based proteins interface to form 
an insoluble clot at sites of vascular injury. Thrombin generation  
is maximized on the platelet surface during the propagation phase 
of clot formation. Activated platelets bind the factor IXa/VIIIa com-
plex. Additional IXa is generated by factor XIa on the platelet sur-
face.111 The factor IXa/VIIIa complex, in physical proximity to factor 
Va, recruits factor X for activation. The Xa/Va complex on the plate-
let surface is protected from inhibition by TFPI and AT. Activation 
of factor X by the factor IXa/VIIIa complex is nearly 50 times more 
efficient than its activation by the TF/VIIa complex.112 The platelet 
factor Xa/Va complex then catalyzes thrombin formation, result-
ing in a stable fibrin-platelet clot.113 A severe bleeding tendency is 
typically associated with less than 1% factor IX activity. A moder-
ate bleeding risk is incurred among individuals with 1% to 5% FIX 
activity, and a 5% to 40% factor IX activity causes a relatively modest 
hemostatic defect. Factor IXa plays a role in angiogenesis, wound 
healing, vascular repair, and platelet-mediated hemostasis. Factor 
IXa/VIIIa complex may play a pivotal role in amplifying thrombin 
generation initiated by the TF-VIIa complexes after vascular injury. 
Binding of factors IX and IXa to thrombin-activated human plate-
lets is well described. In the presence of factors VIII and X, the affin-
ity of receptors for factor IXa increases fivefold.

ACTIVE-SITE COMPETITIVE ANTAGONISTS

The earliest investigation of FIXa inhibitors was based on an 
active-site competitive antagonist, IXai, a protein without func-
tional anticoagulant activity.114 Intravenous infusion of IXai inhib-
ited thrombosis in animal models of coronary thrombosis and 
stroke in a dose-dependent fashion and produced less bleeding 
than UFH.114–118 To date, clinical trials of factor IXai have not been 
conducted.

MONOCLONAL ANTIBODIES AS ANTICOAGULANTS

Monoclonal antibodies are currently used to treat cancer, autoim-
mune disease, and allergy. Several antibodies directed against the 
Gla domain of factor IX have been developed. The 10 C12 clone 
was an effective anticoagulant, prolonging APTT as well as inhibit-
ing platelet-mediated clotting in vitro.119 It effectively inhibited arte-
rial thrombosis in a rabbit model of carotid artery injury, without 
increasing blood loss from a standardized cutaneous incision.120 
A humanized monoclonal antibody, SB 249417, is a chimeric mol-
ecule directed against the human FIX Gla domain. In a rat arterial 
thrombosis model, the antibody produced significant reductions 
in thrombus formation, with modest APTT prolongation. In a 
murine stroke model, SB 249417 reduced infarct volume and was 
associated with reduced neurological deficits compared to tPA.121 
Suppression of FIX activity and APTT prolongation were rapid and 
dose dependent. A phase I clinical trial with SB 249417 has been 
completed. Designed as a single-blind randomized placebo-
controlled, single intravenous infusion dose-escalating trial, the 
study was undertaken to establish pharmacokinetic and pharmaco-
dynamic properties. The antibody displayed a dose-dependent effect 
on clotting times, with a maximal effect at completion of a 50-minute 
continuous infusion.122 There were no major safety concerns.

RIBONUCLEIC  ACID APTAMERS AS ANTICOAGULANTS

Aptamers are short oligonucleotides (<100 bases) selected for their 
ability to bind a chosen target, typically a protein or small mol-
ecule.123 A complex between RNA and the selected target protein 
(or small molecule) involves a three-dimensional folding of the 
RNA such that it is complementary with the surface of the target 
protein. Molecular recognition of a target protein by an aptamer 
can involve several types of RNA protein interactions, including 
hydrogen bonding, salt bridges, van der Waals forces, and stacking 
with aromatic amino acids.124

Aptamer 9.3 t, specific for factor IXa, showed that the aptamer 
bound factors IX and IXa with high affinity but exhibited mini-
mal affinity for the structurally related proteins, factors VII, X, or 
XI, or protein C.125 Since factor VIIa binds FIX via the Gla and EGF 
domains, the aptamer may interact with the EGF domain.126 An 
RNA antidote (5.2) to the FIXa aptamer has been made and can 
reverse 9.3 t-induced anticoagulation in human plasma.127 Other 
advantages of the aptamer/antidote pair include reduced genera-
tion of thrombin and inflammatory mediators (interleukin [IL]-1b, 
IL-6), reduced postoperative hemorrhage, and improved cardiac 
output.128 The anti-IX aptamer/antidote pair 9.3 t and its antidote 5-2 
were subsequently optimized for in vivo stability and manufactur-
ability to generate the REG-1 anticoagulation system. Regado-1A 
was a subject-blinded dose-escalation placebo-controlled study 
that randomized 85 healthy volunteers to receive a bolus of drug 
(FIX aptamer RB006) or placebo, followed 3 hours later by a bolus 
of antidote (RB007) or placebo.129 Among subjects treated with 
RB006, APTT and ACT increased rapidly in a dose-dependent fash-
ion, and the observed pharmacodynamic effect was stable over a 
3-hour time period. The Regado-1 C study randomized 39 healthy 
human subjects in a double-blind fashion to either three consec-
utive weight-adjusted drug/antidote treatment cycles or double 
placebo. Each treatment cycle consisted of an intravenous bolus 
of RB006, followed an hour later by an ascending dose of RB007. 
There was a graded response to varying doses of antidote, showing 
an ability to titrate anticoagulant response and reversibility. There  
were no major bleeding or other serious adverse events.130 Potential 
clinical applications for this injectable factor IXa–specific drug anti-
dote system include percutaneous and surgical coronary revas-
cularization procedures, bridging therapy for elective noncardiac 
surgery in patients on Coumadin therapy, prophylaxis and treat-
ment of venous and arterial thromboembolic disorders, and main-
tenance of hemodialysis circuit patency. A subcutaneous formulation 
that is currently being studied may extend the pharmacodynamic 
half-life of the drug, minimizing the number of daily injections  
and enabling home use. A key concern will be the potential for  
equipment-related thrombosis, a phenomenon that has hindered clin-
ical development of other specific coagulation protease inhibitors.131

TTP889

TTP889 is an orally available small-molecule selective partial 
antagonist of factor IX/IXa. The FIXIT study group conducted a 
phase II clinical trial to determine the safety and antithrombotic 
efficacy of TTP889 in patients at risk for VTE. This multicenter  
placebo-controlled trial enrolled 261 hip fracture surgery patients,132 
and there was no significant difference between treatment groups 
in the composite primary outcome of venographic or symptomatic 
DVT or PE at the end of the study period. However, TTP889 had no 
effect on markers of thrombin generation and fibrin degradation 
(D-dimer) compared with placebo, despite the use of TTP889 dose 
levels considered sevenfold higher than that required to prevent 
venous thrombosis in animal models. This apparent lack of phar-
macodynamic effect raises concerns about the appropriateness of 
the dose of TTP889 selected.

FACTOR IX-BINDING PROTEINS

It is known that natural anticoagulants occur from snake venom, 
including a family of homologous proteins that complex with fac-
tor IX (IX-binding proteins [bp]), factor X (X-bp), or both (IX/X-bp). 
The family includes habu IX-bp and habu IX/X-bp of Trimeresurus 
flavoviridis, echis IX/X-bp of Echis carinatus leucogaster, and acutus 
X-bp of Deinagkistrodon acutus.133 The venom of Agkistrodon acu-
tus contains agkisacutacin, a homologous protein that binds both 
platelet GPIb and coagulation factors IX and X.134 These proteins 
have structures similar to disulfide-linked heterodimers of C-type 
lectin-like subunits. In vitro studies with IX-bp from T. flavoviridis 
showed anticoagulant activity, with prolongation of APTT and 
interference of FIXa binding to phosphatidyl serine on the plasma 
membrane.
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Summary
Over the past several years, a variety of new antiplatelet and anti-
thrombotic agents have been developed and investigated. Each 
agent presents clinical benefits that must be weighed against nota-
ble side effects, highlighting the complex nature of platelet activa-
tion and control of thrombosis. Many of these new therapies appear 
promising, but continuing studies are required to evaluate the role of 
existing antiplatelet and antithrombotic strategies, as well as deter-
mine the additive side effects, most notably increased bleeding.  
Evolution of antiplatelet and antithrombotic therapies plus our 
growing understanding of the delicate balance between vascular 
occlusive disease and the side effect of bleeding have great poten-
tial for improving future treatment of thrombosis.
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PART II

C H A P T E R  8  Atherosclerosis
Peter Libby

Knowledge of the pathobiology of atherosclerosis has continued to 
evolve at a rapid pace. Previously regarded as a mainly segmental 
disease, we now increasingly appreciate its diffuse nature. The tradi-
tional clinical focus on atherosclerosis has emphasized coronary 
artery disease (CAD). The attention of physicians in general, and of 
cardiovascular specialists in particular, now embraces other arterial 
beds, including the peripheral and cerebrovascular arterial beds.

Formerly considered an inevitable and relentlessly progressive 
degenerative process, we now recognize that quite to the contrary, 
atherogenesis progresses at varied paces. Increasing clinical and 
experimental evidence indicates that atheromatous plaques can 
evolve in vastly different fashions. Atheromata behave much more 
dynamically than traditionally conceived, from both structural and 
biological points of view. Plaques not only progress, but also may 
regress, and/or alter their qualitative characteristics in ways that 
decisively influence their clinical behavior.

Concepts of the pathobiology of atherosclerosis have likewise 
undergone perpetual revision. During much of the 20th century, 
most considered atherosclerosis a cholesterol storage disease. 
Recognition of the key role of interactions of vascular cells, blood 
cells (including leukocytes and platelets), and lipoproteins chal-
lenged this model later in the 20th century.1 Current thinking fur-
ther broadens this schema, incorporating an appreciation of the 
global metabolic status of individuals, extending far beyond tradi-
tional risk factors as triggers to the atherogenic process.

This chapter will delineate the concepts of the widespread and 
diffuse distributions of atherosclerosis and its clinical manifesta-
tions, and also will describe progress in understanding its funda-
mental biology.

Risk Factors for Atherosclerosis: 
Traditional, Emerging, and Those 
on the Rise
Traditional Risk Factors for Atherosclerosis
CHOLESTEROL

Experimental data have repeatedly shown a link between plasma 
cholesterol levels and the formation of atheromata. Pioneering 
work performed in Russia in the early 20th century showed that 
consumption by rabbits of a cholesterol-rich diet caused formation 
of arterial lesions that shared features with human atheromata.2 By 
mid-century, application of the ultracentrifuge to analysis of plasma 
proteins led to the recognition that various classes of lipoproteins 
transported cholesterol and other lipids through the aqueous 
medium of blood. Multiple epidemiological studies verified a link 
between one cholesterol-rich lipoprotein particle in  particular—
low-density lipoprotein (LDL)—and the risk for coronary heart dis-
ease.3 The characterization of familial hypercholesterolemia as a 
genetic disease provided further evidence linking LDL cholesterol 
levels with coronary heart disease. Heterozygotes for this condition 

had markedly elevated risk for atherosclerotic disease. Individuals 
homozygous for familial hypercholesterolemia commonly develop 
coronary heart disease within the first decade of life.

Elucidation of the LDL-receptor pathway and that mutations in 
the LDL receptor cause familial hypercholesterolemia provided 
proof positive of LDL's role in atherogenesis.4 Yet the cholesterol 
hypothesis of atherogenesis still encountered skepticism. Many 
critics—some laypersons and some respected  professionals—
questioned aspects of the theory, pointing out that dietary cho-
lesterol levels did not always correlate with cholesterolemia. Lack 
of proof that either dietary or drug intervention could modify 
outcomes dogged proponents of the cholesterol hypothesis of 
atherogenesis.5

Ultimately, controlled clinical trials that lowered LDL by inter-
ventions including partial intestinal bypass, bile acid–binding  
resins, and statin drugs showed reductions in coronary events and 
vindicated the cholesterol hypothesis. In appropriately powered  
trials conducted with sufficiently potent agents, lipid lowering 
also reduced overall mortality. Yet the very success of these inter-
ventions suggested there must be more to atherogenesis than  
cholesterol because a majority of events still occurred despite 
increasingly aggressive control of LDL cholesterol levels. Identification 
of proprotein convertase subtilisin/kexin type 9 (PCSK9) as the 
gene involved in autosomal dominant hypercholesterolemia has 
furnished new insight in this regard. Reduced function of this 
enzyme raises cellular LDL receptor numbers, and hence augments 
LDL clearance, leading to lower plasma LDL levels. Individuals with 
reduced function variants of PCSK9 who experience lifelong lower 
exposure to LDL show  protection from atherosclerotic events even 
in the presence of other cardiovascular risk factors. These observa-
tions strengthen the case for  involvement of LDL in atherogenesis, 
and for  aggressive management of LDL in practice.6

Of course, aspects of the lipoprotein profile other than LDL can 
influence atherogenesis (see later discussion).3 Yet, because ath-
erosclerotic events commonly occur in individuals with average 
levels of the major lipoprotein classes, a full understanding of ath-
erogenesis requires consideration of factors other than blood lipids.

SYSTEMIC ARTERIAL HYPERTENSION

The relationship between arterial blood pressure and mortality 
emerged early from actuarial studies. Insurance underwriters had 
a major financial stake in mortality prediction. A simple measure-
ment of blood pressure with a cuff sphygmomanometer powerfully 
predicted longevity. Data emerging from the Framingham Study 
and other observational cohorts verified a relationship between 
systemic arterial pressure and coronary heart disease events.7 
Concordant observations from experimental animals and epide-
miological studies bolstered the link between hypertension and 
atherosclerosis.

As in the case of high cholesterol, clinical evidence that phar-
macological reduction in blood pressure could reduce coronary 
heart disease events proved fairly elusive. Early-intervention  studies 
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readily showed decreases in stroke and congestive heart failure 
endpoints following administration of antihypertensive drugs. 
Studies indicating clear-cut reductions in coronary heart disease 
events with antihypertensive treatment have accumulated much 
more recently.8

Mechanistically, antihypertensive drug therapy likely bene-
fits atherosclerosis and its complications principally by lower-
ing blood pressure, although some have posited other beneficial 
actions of various antihypertensive agents. A large randomized 
clinical trial, the Antihypertensive and Lipid-Lowering Treatment 
to Prevent Heart Attack Trial (ALLHAT), showed no advantage over 
a 5-year period of a thiazide diuretic over an angiotensin receptor 
blocker, a calcium channel antagonist, or a β-adrenergic blocking 
agent.9,10

Clinical observations provide strong additional support for 
the concept that hypertension itself can promote atherogenesis. 
Atherosclerosis of the pulmonary arteries seldom occurs in indi-
viduals with normal pulmonary artery pressures, but even in rel-
atively young patients with pulmonary hypertension, pulmonary 
arterial atheromata occur quite commonly. This “experiment of 
nature” supports the direct proatherogenic effect of hypertension 
in humans.

CIGARETTE SMOKING

Tobacco abuse, and cigarette smoking in particular, accentuates 
the risk of cardiovascular events.11 In the context of noncoronary 
arterial disease, cigarette smoking appears particularly important. 
The rapid return toward baseline rates of cardiovascular events 
after smoking cessation suggests that tobacco use alters the risk 
of thrombosis as much or more than it may accentuate atherogen-
esis per se. Classic studies in nonhuman primates have shown little 
effect of 2 to 3 years of cigarette smoke inhalation on experimental 
atherosclerosis in the presence of moderate hyperlipidemia.

Both first-hand and second-hand tobacco smoke impairs endo-
thelial vasodilator functions—an index of arterial health.12 Smoking 
has many other adverse systemic effects, including eliciting a 
chronic inflammatory response implicated in atherothrombosis.13 
Cigarette smoking seems to contribute particularly to abdominal 
aortic aneurysm formation. The mechanistic link between ciga-
rette smoking and arterial aneurysm formation may resemble 
that invoked in the pathogenesis of smoking-related emphysema. 
Studies in genetically altered mice that inhale tobacco smoke have 
delineated a role for elastolytic enzymes such as matrix metal-
loproteinase (MMP)-12 in the destruction of lung extracellular 
matrix (ECM). Smoke-induced inflammation appears to release 
tumor necrosis factor (TNF)-α from macrophages that can elevate 
activity of elastolytic enzymes and promote pulmonary emphy-
sema.14 A similar mechanism might well promote destruction of 
elastic laminae in the tunica media of the abdominal aorta, which 
characterizes aneurysm formation.

AGE

Multiple observational studies have identified age as a potent risk 
factor for atherosclerotic events.15 Indeed, in the current cardiovas-
cular risk algorithm based on the Framingham Study, age contrib-
utes substantially to risk calculation. Demographic trends portend 
a marked expansion in the elderly population, particularly women, 
in coming years. Although age-adjusted rates of cardiovascular dis-
ease may appear stable or even declining in men, the actual bur-
den of disease in the elderly will increase because of their sheer 
number. In view of the expanding elderly population, evidence  
that supports the mutability of atherosclerosis assumes even 
greater importance (see later discussion).

SEX

Male sex contributes to heightened cardiovascular risk in numer-
ous observational studies. Mechanisms for this increased burden 
of disease may reflect male-related proatherogenic factors and/or  

lack of protection conferred by female sex. Cardiovascular risk 
increases after menopause in women; many previously attrib-
uted the vascular protection enjoyed by premenopausal women 
to estrogen. But estrogen therapy in women (in more recent 
large-scale clinical trials) and in men (in the older Coronary 
Drug Project study) seems to confer hazard rather than ben-
efit in the circumstances studied.16 Thus estrogen, certainly in 
combination with progesterone, does not provide a panacea 
for protection against cardiovascular events. Decreased in high- 
density lipoprotein (HDL) levels in blood after menopause 
might explain part of the apparent premenopausal protection 
from cardiovascular risk.

HIGH-DENSITY LIPOPROTEIN

The Framingham risk algorithm recognizes lower strata of HDL—
below 40 mg/dL in both women and men—as a risk factor. 
Numer ous concordant population studies have pointed to the 
importance of HDL as an atheroprotective lipoprotein fraction. 
Indeed, in patients who undergo cardiac catheterization and dis-
play angiographically significant (CAD), low HDL is more com-
mon than high LDL.

Numerous animal studies have established the antiathero-
genic effects of HDL or its major apolipoprotein (apo) AI, as have 
small biomarker studies in humans. Mechanisms by which HDL 
may protect against atherosclerosis include promotion of reverse 
lipid transport.17,18 Furthermore, nascent HDL particles can take up 
cholesterol from macrophages and other cells in a process that 
depends on the adenosine triphosphate (ATP) binding cassette 
transporter 1 (ABCA1). Mature HDL particles can also take up cho-
lesterol through the related transporter ABCG1.19 In addition, HDL 
can have antiinflammatory effects.20 Mechanisms of HDL's arterial 
protective effect may relate to its ability to bind and carry numer-
ous proteins that may regulate lipid metabolism, oxidative stress, 
inflammation, and proteolysis.21

High-density lipoprotein's metabolism is quite complex—more 
so in many respects than LDL.22 The steady-state level of HDL 
cholesterol, therefore, does not accurately predict cardiovascu-
lar protection. Although baseline levels of HDL cholesterol quite 
consistently track inversely with cardiovascular events, interven-
tions that raise HDL cholesterol levels do not necessarily reduce 
event rates. Moreover, recent data challenge the extent to which 
HDL levels influence outcomes on individuals taking potent LDL-
lowering treatment.23,24 The ability of HDL particles to effect choles-
terol efflux from macrophages in vitro correlates with CAD status 
and the biomarker of risk, carotid intima media thickness.18 Yet the 
ability of pharmacologically induced increases in HDL to confer 
clinical benefit remains unproven. Several large-scale trials cur-
rently in progress should clarify whether drugs of several classes 
that elevate HDL can reduce clinical events.25,26

Emerging Risk Factors for Atherosclerosis
HOMOCYSTEINE

Homocysteine, a product of amino acid metabolism, may con-
tribute to atherothrombosis.27 Individuals with genetic defects 
that lead to elevated homocysteine levels (e.g., homocystinuria, 
commonly due to deficiency in cystathionine β-synthase) have 
a thrombotic diathesis. In vitro, treatment with homocysteine 
and related compounds can alter aspects of vascular cell func-
tion related to atherogenesis. Reliable clinical tests for hyperho-
mocysteinemia exist. Although clearly associated with elevated 
thrombotic risk in patients with homocystinuria, elevated levels 
of homocysteine in unselected populations only weakly predict 
cardiovascular risk (Fig. 8-1). Moreover, randomized trials that 
have used vitamin treatments to lower homocysteine levels have 
not documented improvements in cardiovascular outcomes.28–30 
Enrichment of cereals and flour with folate in the United States has 
shifted dietary intake and should lower blood homocysteine levels 
in the American population.
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LIPOPROTEIN(a)

Lipoprotein(a) (Lp[a]—commonly pronounced “L P little A”) 
 consists of a low-density lipoprotein particle with apolipoprotein a 
(apo a) covalently attached to apo B, the major apolipoprotein of 
LDL particles. Apo a should not be confused with apo A, the fam-
ily that includes apolipoprotein A-I, the principal apolipoprotein of 
HDL. Lipoprotein(a) has considerable heterogeneity, determined 
genetically and related to the number of repeats of a structural 

motif known as a kringle in the apo a moiety of the special lipopro-
tein particle. The structural resemblance of apo a to plasminogen 
suggests that Lp(a) may inhibit fibrinolysis. Lipoprotein(a) levels in 
the general population have high skew. Most individuals lie in the 
lower range of distribution, with a few “outliers” in the higher levels of 
Lp(a). Black Americans have a higher frequency of elevated Lp(a). 
Those with Lp(a) levels substantially above normal appear to have 
increased cardiovascular risk. As in the case of  homocysteine, 
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FIGURE 8-1 Predictive power of some established 
and emerging risk markers for coronary and peripheral 
athero sclerosis. Relative risk for overall cardiovascular 
events (A) and incidence of peripheral artery disease  
(B) from the Women's Health Study and the Physicians' 
Health Study, respectively. Whisker plots show point 
estimates and confidence intervals (CIs) for various 
emerging and established risk factors for atherosclerotic 
complications. Rank, order, and magnitude of risk of 
peripheral artery disease in the Women's Health Study and 
of cardiovascular events in the Physicians' Health Study due 
to these established and emerging risk factors resembles 
that reported earlier (not shown). C, Direct comparison 
of hsCRP, systolic blood pressure, BP, total cholesterol, and 
non-HDLC adjusted for age, sex, smoking, diabetes, BMI, BP, 
triglycerides, alcohol, lipid levels, and hsCRP. Comparisons 
use data from 91,990 participants (5373 CHD events) from 
31 studies. hs-CRP, C-reactive protein measured by the high-
sensitivity assay; HTN, hypertension; LDLC, low-density 
lipoprotein cholesterol; sICAM-1, soluble intercellular 
adhesion molecule-1; TC:HDL ratio, total cholesterol/high-
density lipoprotein ratio; TC:HDLC, total cholesterol/high-
density lipoprotein cholesterol; VCAM-1, soluble vascular cell 
adhesion molecule. (Reproduced with permission from Ridker 
PM: Clinical application of C-reactive protein for cardiovascular 
disease detection and prevention. Circulation 107:363, 2003; 
Ridker PM, Stampfer MJ, Rifai N: Novel risk factors for systemic 
atherosclerosis: a comparison of C-reactive protein, fibrinogen, 
homocysteine, lipoprotein(a), and standard cholesterol 
screening as predictors of peripheral artery disease. JAMA 
285:2481, 2001; and The Emerging Risk Factors Collaboration: 
C-reactive protein concentration and risk of coronary heart 
disease, stroke, and mortality: an individual participant meta-
analysis. Lancet 375:132, 2010.)
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Lp(a) in large populations only weakly predicts future cardiovas-
cular disease,31 but genetic studies suggest a causal role of Lp(a) in 
provoking cardiovascular events32 (see Fig. 8-1).

FIBRINOGEN

Fibrinogen, the substrate of thrombin, provides the major mesh-
work of arterial thrombi. Levels of fibrinogen increase in inflamma-
tory states as part of the acute-phase response. A consistent body 
of observational evidence links elevated levels of fibrinogen with 
cardiovascular risk.33,34 Standardization of assays for fibrinogen has 
proved difficult. Moreover, diurnal variation in plasma fibrinogen 
levels weakens its potential as a biomarker of cardiovascular risk, 
despite its obvious biological plausibility as a major participant in 
thrombosis. Fibrin deposition in plaques, first hypothesized by von 
Rokitansky in the mid-19th century, provides evidence of fibrino-
gen's involvement in atherogenesis.35

INFECTION

The possibility that infectious agents or responses to infection may 
contribute to atherogenesis or precipitate atherosclerotic events 
has periodically captured the fancy of students of atherosclerosis. 
Many infectious agents could contribute to aspects of atherogen-
esis by direct cytopathic effect or through mediators they release 
or elicit as part of a host defense.36–41 The hemodynamic stresses 
of acute infection, and accentuated thrombotic risk or impaired 
fibrinolysis due to acute-phase reactants such as fibrinogen or 
plasminogen activator inhibitor (PAI)-1, might transiently heighten 
the risk for thrombotic complications of atherosclerosis.42 Some 
seroepidemiological studies have suggested links between expo-
sure to viral and bacterial pathogens and various measures of ath-
erosclerosis or risk of atherosclerotic events. Prospective studies 
properly controlled for confounding factors have shown weak, 
if any, correlation of antibody titers against various microbial or 
viral pathogens and cardiovascular events. Trials of various antibi-
otic regimens in patients with CAD have not shown reductions in 
recurrent events.43

INFLAMMATION AND ATHEROSCLEROSIS

Recognition that inflammation provides a unifying theme for many 
of the pathophysiological alterations that occur during atherogen-
esis has provoked both interest and controversy.44–46 A subsequent 
section of this chapter will discuss in detail the links between 
inflammatory processes and risk factors, and atherogenesis and 
complications of atherosclerosis. Emergence of C-reactive protein 
(CRP) as a validated marker of prospective cardiovascular risk has 
spawned countless studies proposing other inflammatory markers 
as potential predictors of atherosclerotic risk.47–49 Although some 
markers of inflammation (e.g., fibrinogen, PAI-1) have defined roles 
as mediators and markers, evidence regarding CRP as an effector 
rather than a marker remains unsettled. Despite some laboratory 
evidence that CRP can produce some effects that may promote 
atherothrombosis, genetic data do not support a causal role for 
CRP in cardiovascular events.50–52 Of course, biomarkers need 
not participate directly in pathogenic pathways to have utility as 
gauges of risk, as illustrated by the case of CRP.53–55

GENETIC PREDISPOSITION

The example of familial hypercholesterolemia recounted earlier 
irrefutably illustrates the link between gene mutation and ath-
erosclerosis. The accelerated development of molecular genetic 
technology and the increasing ease of identifying and cataloging 
genetic polymorphisms have facilitated the search for genetic vari-
ants that predispose toward atherosclerosis or its complications.56 
Monogenic conditions such as familial hypercholesterolemia do 
not appear to explain the majority of the burden or risk of ath-
erosclerotic disease. The quest for genetic polymorphisms that 
predispose toward atherosclerosis has yielded many  potential 

candidates. Genome-wide association studies have identified 
reproducible regions of the genome associated with increased car-
diovascular risk.57–61 Some of the genes at locations so identified 
have well-established functions in pathogenic pathways for athero-
sclerosis.62,63 Other sites emerging from genome-wide association 
studies have unknown functions and have not been previously 
associated with cardiovascular disease. Notably, the chromosome 
9p21 region concordantly associates with cardiovascular events 
in several independent large population studies. Yet even combi-
nations of well-validated genetic markers may fail to improve esti-
mation of cardiovascular risk beyond a simple query regarding  
family history of premature CAD (at <60 years of age).64,65 Genetic 
markers of atherosclerotic risk should nonetheless prove useful 
in providing new understanding of disease mechanisms and may 
identify new avenues for intervention, even if they do not add sub-
stantially to risk stratification.

Risk Factors on the Rise
We are witnessing a transition in the pattern of atherosclerotic risk 
factors in the United States, and indeed worldwide.66 Certain tra-
ditional atherosclerotic risk factors are on the wane. For example, 
rates of smoking in the United States are declining, particularly in 
men. Dissemination of effective antihypertensive therapies has pro-
vided a means to reduce the degree or prevalence of this tradi-
tional atherosclerotic risk factor. Although many patients do not 
achieve the currently established targets for blood pressure, effec-
tive therapies have become much more widely implemented in 
recent decades.

We have made striking progress in combating high levels of LDL, 
a major traditional risk factor for atherosclerosis, as discussed ear-
lier. In particular, the introduction of statins and accumulating evi-
dence of their effectiveness as preventive therapies, combined with 
their relative ease of use and tolerability, should foster a secular 
trend toward lower LDL levels in the higher-risk segments of our 
population.

Although we justly derive considerable satisfaction from these 
pharmacological inroads into the traditional profile of cardiovas-
cular risk, we are rapidly losing ground in other respects.66,67 The 
astounding increase in obesity in the U.S. population in the last 
decade alone represents a change in body habitus of substantial 
proportion in an instant on an evolutionary timescale. Short of 
major disasters or famines, this kind of rapid shift in body habi-
tus may have no precedent in the history of our species. From the 
perspective of cardiovascular risk, the metabolic alterations that 
accompany this increased girth of our population should sound 
an alarm. Current data point to a significant increase in the preva-
lence of the components of the clustered risk factors often referred 
to as the metabolic syndrome.

The National Cholesterol Education Project Adult Treatment 
Panel III (ATP III) arbitrarily defined five components of the meta-
bolic syndrome68 (Table 8-1); individuals with any three compo-
nents have the syndrome, according to the ATP III criteria. There is 
disparity in the definitions of the metabolic syndrome among var-
ied constituencies.69 Some have voiced cogent objections to the 
concept; for example, it is not clear that the sum of the risk of the 
metabolic syndrome components exceeds that of the individual 
factors combined, or that the components comprise a true syn-
drome, being linked mechanistically.70,71 But many clinicians find 
the construct practically useful insofar as it reflects the type of indi-
viduals seen more and more in practice.

Note that LDL, the traditional focus of guidelines and therapies, 
does not figure among the metabolic syndrome criteria; instead, 
lower ranges of HDL and higher levels of triglycerides characterize 
the syndrome. Thus, we may witness a shift in lipid risk factor bur-
den from primarily LDL to the dyslipidemia associated with obesity 
and/or insulin resistance, characterized by lower HDL and higher 
triglycerides. The success of statins in reducing LDL cholesterol will 
likely contribute to the increased importance of such dyslipidemia 
in the future. Although individuals with the metabolic syndrome 
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cluster commonly have dyslipidemia, their levels of LDL choles-
terol may be average or even below average. This finding may pro-
vide false reassurance to physicians and patients alike. Although 
LDL cholesterol levels in such patients may not be especially ele-
vated, the quality of the lipoprotein particles may prove particu-
larly atherogenic.72 Low-density lipoprotein particles in those with 
high levels of triglycerides and low levels of HDL tend to be small 
and dense. Such small, dense LDL particles appear to bind to pro-
teoglycans in the arterial intima with more avidity. Their retention 
in the intima may facilitate their oxidative modification, so small, 
dense LDL particles may have particularly atherogenic proper-
ties.73 Prolonged retention and increased entry may promote lipo-
protein accumulation in the artery wall.74

HYPERGLYCEMIA

Hyperglycemia may contribute independently to the pathogenesis 
of atherosclerosis.75 In the presence of higher levels of glucose, non-
enzymatic glycation and other types of oxidative posttranslational 
modification of various macromolecules increases. Hemoglobin 
A1c, a glycated form of this oxygen-carrying pigment, reflects this 

biochemical process. Accumulation of glycated macromolecules 
ultimately leads to the formation of complex condensates known 
as advanced glycation end products (AGEs) that may trigger inflam-
matory and oxidative responses implicated in atherogenesis.76 A 
cell surface receptor for AGEs known as RAGE may transduce pro-
inflammatory signals when occupied by AGE-modified ligands77 
(Fig. 8-2). This and other mechanisms link hyperglycemia and insu-
lin resistance to aspects of host defenses considered essential for 
the atherogenic process, but strict glycemic control does not nec-
essarily improve cardiovascular outcomes, as shown in several 
recent large clinical trials.78–81

INTERACTIONS OF RISK FACTORS WITH CELLS  
IN THE ARTERIAL WALL AND LEUKOCYTES DURING 
ATHEROGENESIS

We increasingly understand atherosclerosis as a process that 
involves cellular interactions with risk factors such as high levels of 
LDL. This contemporary view contrasts with previous notions that 
the arterial wall passively accumulated cholesterol. This crosstalk 
among cells of varying types during atherogenesis involves more 
than just the intrinsic cells of the arterial wall, endothelium, and 
vascular smooth muscle cells (VSMCs) (see Chapters 2 and 3).44,82 
Indeed, the mononuclear phagocyte also contributes importantly to 
atherogenesis. Normal endothelium resists prolonged contact with 
leukocytes, including blood monocytes, precursors of the tissue 
macrophages that accumulate in atheromata. A mechanism involv-
ing expression of particular leukocyte adhesion molecules on the 
endothelial surface likely mediates recruitment of blood mono-
cytes to sites of formation of the earliest atherosclerotic lesions.83

The heterogeneity of monocytes and the macrophages to which 
they give rise has generated considerable recent interest.84–87 A 
particularly proinflammatory subset of monocytes accumulate in 
the blood of hypercholesterolemic mice. Macrophages exhibiting 
atherogenic functions also appear to accumulate in atheroscle-
rotic lesions, and therapeutic interventions may modulate these 
functions.88

Adhesion molecules considered important in this process 
include members of the selectin superfamily, such as P-selectin. 
Leukocytes passing through the arterial circulation can bind to 
patches of endothelial cells (ECs) expressing P-selectin, which 
mediates a rolling or saltatory slowing of leukocytes. The more 
permanent adhesion of the tethered white cell depends on 
expression of another category of leukocyte adhesion molecule 
expressed on the endothelial surface at sites prone to lesion 

RISK FACTOR DEFINING LEVEL

Abdominal Obesity† (Waist Circumference‡)
Men >102 cm (>40 in)

Women >88 cm (>35 in)

Triglycerides ≥150 mg/dL

HDLC
Men <40 mg/dL

Women <50 mg/dL

Blood pressure ≥130/≥85 mm Hg

Fasting glucose ≥110 mg/dL

TABLE 8-1 Criteria for the “Metabolic Syndrome”*

*Diagnosis is established when ≥3 of these risk factors are present.
†Abdominal obesity is more highly correlated with metabolic risk factors than is increased 
body mass index (BMI).
‡Some men develop metabolic risk factors when circumference is only marginally increased.
HDLC, high-density lipoprotein cholesterol.
From the Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in 
Adults. JAMA 285:2486, 2001.
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 formation: members of the immunoglobulin (Ig)G superfam-
ily, including vascular cell adhesion molecule-1 (VCAM-1). Both 
P-selectin and VCAM-1, among other adhesion molecules, show 
increased expression in regions of human atherosclerotic plaques 
and on the macrovascular endothelium overlying nascent ath-
erosclerotic plaques in experimental animals. Other leukocyte 
adhesion molecules certainly participate in this capture of 
blood leukocytes, but considerable evidence from genetically 
altered mice supports the essential involvement of P-selectin and 
VCAM-1 in lesion formation.

Once firmly bound to the endothelial surface, white blood 
cells must receive chemoattractant stimuli to penetrate into the 
intima. Among such signals, monocyte chemoattractant protein-1 
(MCP-1) may be particularly important. Again, experiments in 
genetically altered mice support the involvement of MCP-1 in the 
formation of experimental atherosclerotic lesions. Other chemo-
kines, such as the cell surface–associated molecule fractalkine, 
also may  contribute to this process. In addition to mononuclear 
phagocytes, T lymphocytes accumulate in human atheroscle-
rotic plaques, where they may play important regulatory roles. 
Adhesion  molecules such as intracellular adhesion molecule-1 
(ICAM-1), overexpressed by ECs overlying atheromata, may par-
ticipate with VCAM-1 in the adhesion of T lymphocytes. Moreover 
a trio of chemokines induced by the T-cell activator interferon 
(IFN)-γ may promote chemoattraction of adherent T cells into the 
arterial intima.89 Mast cells, long recognized in the leukocyte pop-
ulation of the arterial adventitia, also localize within the intimal 
lesions of atherosclerosis. Although vastly outnumbered by mac-
rophages, mast cells may also contribute to lesion formation or 
complication.82,90–92 The chemokine exotaxin may participate in 
recruiting mast cells to the arterial intima.

Once present in the arterial intima, these various classes of leu-
kocytes undergo diverse activation reactions that may potentiate 
atherogenesis. For example, monocytes mature into macrophages 
in the atherosclerotic plaque, where they overexpress a series of 
scavenger receptors that can capture modified lipoproteins that 
accumulate in the atherosclerotic intima. Because their levels do 
not decrease as cells accumulate cholesterol, these scavenger 
receptors permit formation of foam cells, a hallmark of the athero-
matous plaque. Macrophages within the atherosclerotic intima pro-
liferate and become a rich source of mediators, including reactive 
oxygen species and proinflammatory cytokines, that may contrib-
ute to progression of atherosclerosis.93

One of the key signals for macrophage activation, macrophage 
colony-stimulating factor (M-CSF), can enhance scavenger recep-
tor expression and promote replication of macrophages and their 
production of proinflammatory cytokines. Experiments in mutant 
mice have shown an important role for M-CSF in the formation of 
atheromata.

The T cells in the atherosclerotic plaque also appear to modu-
late aspects of atherogenesis.45,94 Interferon-γ, a strong activating 
stimulus for macrophages produced by activated type 1 helper T 
(TH1) cells, localizes in plaques. Indicators of the action of IFN-γ, 
such as induction of the class II major histocompatibility antigen 
molecules, provide evidence for the biological activity of IFN-γ in 
atherosclerotic plaques.

Once recruited to the intima, white blood cells can perpetuate, 
amplify, or mollify the ongoing inflammatory response that led to 
their recruitment. The function of the “professional phagocytes” 
adds to the proinflammatory mediators elaborated by the intrinsic 
vascular wall cells, and perpetuates and amplifies the local inflam-
matory response. T lymphocyte subsets may also quell inflamma-
tion. T helper 2 cells that produce interleukin (IL)-10, a putative 
antiatherosclerotic cytokine, also localize in plaques. Regulatory 
T cells (T

reg) produce transforming growth factor (TGF)-β, another 
antiinflammatory and fibrogenic mediator that may modulate 
plaque biology.95 The role in atherogenesis of another T-cell subset, 
TH17, remains unsettled.96–98 Dendritic cells specialized in survey-
ing the environment and presenting antigens to T cells arrive early 
in the arterial intima of mice subjected to hyperlipidemia.99–101 

The nature of the antigenic stimulus to T-cell activation remains 
speculative, although animal experiments have suggested some 
candidates.102

ATHEROSCLEROSIS PROGRESSION

Recruitment of blood leukocytes and their activation in the 
arterial intima sets the stage for progression of  atherosclerosis. 
Proinflammatory mediators produced by these various cell 
types lead to elaboration of factors that can stimulate migra-
tion of smooth muscle cells (SMCs) from the tunica media into 
the intima.103 The normal human tunica intima contains resident 
SMCs. Growth factors produced locally by activated leukocytes 
provide a paracrine stimulus to SMC proliferation. Activated SMCs 
also appear capable of producing growth factors that can stimu-
late their own proliferation or that of their neighbors, an autocrine 
pathway of proliferation.104 Smooth muscle cells also die in athero-
mata.105,106 Depletion of SMCs may influence the biology of plaques 
by disturbing repair and maintenance of the fibrous cap.107,108

Other mediators present in atheromatous plaques, such as 
TGF-β, can augment production of macromolecules of the ECM,  
including interstitial collagen.109,110 Thus, “maturing” atherosclerotic 
lesions assume fibrous as well as fatty characteristics. Ultimately, 
the established atherosclerotic plaque develops a central lipid 
core encapsulated in fibrous ECM. In  particular, the fibrous cap—
the layer of connective tissue overlying the lipid core and separat-
ing it from the arterial lumen—forms during this phase of lesion 
progression.

Calcification, another characteristic of the advancing athero-
sclerotic plaque, also involves tightly regulated biological func-
tions. The expression of certain calcium-binding proteins within 
the plaque may sequester calcium hydroxyapatite. Such depos-
its, far from fixed, can undergo resorption as well as deposition. 
Inflammatory pathways participate in regulating mineralization 
of atheromata.111 Reminiscent of bone metabolism, activated 
macrophages within the plaque appear to function as osteo-
clasts. Indeed, mice deficient in M-CSF, the macrophage activa-
tor, show increased accumulation of calcified deposits.112 This 
observation supports the dynamic nature of calcium accretion 
in the plaque.

The atheroma eventually develops a central region filled with 
lipid, inflammatory cells, and cellular debris. Macrophage death, 
including apoptotic (programmed) death, contributes to forma-
tion of this lipid-rich core.105,113 Indeed, classical pathologists 
often referred to this region of the plaque as the necrotic core 
of atheroma. Defective clearance of apoptotic cells, a process 
denoted efferocytosis, may contribute to the formation of the 
plaque's lipid core.114

During the progression of atherosclerotic plaques, migration 
and proliferation of SMCs, accumulation of ECM, and calcification  
lead to the transition from the fatty streak, dominated by the 
lipid-laden macrophages known as foam cells, to the fibrocalcific 
plaque that can produce arterial stenoses and other complications. 
Although this phase of lesion progression in humans may begin in 
youth, it often continues for many decades. Notably, atherosclerotic 
plaques often produce no  symptoms during this generally pro-
longed phase of lesion evolution. Although traditionally viewed as 
a disease of middle and later life, the seeds of atherosclerosis are 
sown much earlier. This recognition highlights the importance of 
early and aggressive reduction of risk factors, best accomplished 
by lifestyle modification rather than pharmacological intervention 
during the formative phase of the disease process.

The Diversity of Atherosclerosis

Heterogeneity of Atherosclerosis Lesions
Although in the past we have focused on atherosclerosis of the 
coronary arteries, we now recognize increasingly that atherosclero-
sis reaches beyond the coronary bed. For example,  atherosclerosis 
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underlies many ischemic strokes. Although peripheral artery 
 disease jeopardizes limb more than life, the limitation of exercise 
capacity and the considerable burden of nonhealing ulcers and 
other complications render this manifestation of atherosclero-
sis important from both medical and economical points of view 
(see Chapter 17). In addition, atherosclerotic involvement of the 
renal arteries contributes to end-stage renal disease and refractory 
hypertension in many instances (see Chapter 22).

From a pathophysiological perspective, atherosclerosis in differ-
ent distributions of the arterial tree overlap considerably. Although 
the fundamental cellular and molecular events that underlie ath-
erosclerosis in various arterial trees seem similar, certain complica-
tions appear distinct. For example, ectasia and eventual aneurysm 
formation affect the atherosclerotic abdominal aorta more com-
monly than do stenosis and thrombosis leading to total aortic occlu-
sion. In addition, the aorta, and particularly the proximal portions 
of its trunk, appears especially important as a source for atheroem-
boli that may cause cerebral or renal infarctions.115 Atherosclerosis 
of the extracranial vessels that perfuse the brain often develop ste-
nosis, but ulceration of carotid plaques with embolization of ath-
eromatous material commonly causes transient ischemic attacks 
or monocular blindness.116

Some of the regional variations in the expressions of atheroscle-
rosis may depend on embryological factors. Endothelial cells in 
different regions of the arterial tree can display considerable het-
erogeneity, as determined by a variety of markers.117 Developmental 
biologists have long recognized that SMCs found in various seg-
ments of the arterial tree may have distinct embryological origins. 
For example, SMCs in the ascending aorta and other arteries of 
the upper body derive from neural crest cells rather than mesen-
chyme.118 Thus, SMCs can arise even from different germ layers in 
the lower body and neurectoderm in certain upper body arteries. 
The developmental biology of arteriogenesis and the determina-
tion of smooth muscle and EC lineages constitute a frontier of con-
temporary vascular biology research. For example, some but not all 
recent work suggests that both endothelial cells and smooth mus-
cle cells, for example, may derive from bone marrow postnatally in 
injured, diseased, or transplanted arteries.119–123 This recognition not 
only has intrinsic scientific interest but also may have therapeutic 
implications for regenerative medicine.

Atherosclerosis: a Focal or Diffuse Disease?
We classically understand atherosclerosis as a segmental pro-
cess. Much of our traditional diagnostic armamentarium and 
treatment modalities aim to identify stenoses and restore flow by 
revascularization. Nonetheless, we recognize increasingly the dif-
fuse nature of atherosclerosis. Classic comparison of histopatho-
logical examination with angiograms showed that the arteriogram 
vastly  underestimates involvement of coronary arteries by athero-
sclerosis. More recently, the application of intravascular ultrasound 
has renewed our appreciation of the diffuse nature of coronary ath-
erosclerosis. Arterial stenoses often cause ischemia and bring the 
patient to the attention of clinicians. Various noninvasive modalities 
can disclose ischemia. Contrast angiography readily localizes the 
focal  stenoses that most often cause demand ischemia. Yet cross-
sectional images obtained by intravascular ultrasound reveal that 
segments of arteries that appear absolutely normal by angiogram 
may nonetheless harbor a substantial burden of atherosclerotic 
 disease. 124

The process of arterial remodeling during atherogenesis 
explains this apparent paradox. During much of its life history, an 
atherosclerotic plaque grows in an outward, or abluminal, direc-
tion. Thus the plaque can grow silently without producing  stenosis. 
Morphometric studies in nonhuman primates by Clarkson et al. 
first called attention to this compensatory enlargement of arteries 
that preserves the lumen during atherogenesis.125 Oft-cited studies 
by Glagov et al. established the relevance of this process to human 
coronary atherosclerosis.126 Remodeling also occurs in athero-
sclerotic peripheral arteries.127 Expansive arterial remodeling can 

 influence the clinical manifestations of atheromata, with those 
with increased compensatory enlargement more prone to cause 
clinical events.128 Luminal encroachment usually occurs relatively 
late in the life history of an atheromatous plaque.

Well-performed and systematic histopathological studies have 
shown that atherosclerotic disease begins early in life. In the 
Pathobiological Determinants of Atherosclerosis in Youth (PDAY) 
study, the aortas and coronary arteries of Americans 34 years of age 
or younger who died of noncardiac causes revealed consistent 
involvement of the dorsal surface of the abdominal aorta by both 
fatty and raised arterial plaques.129 The coronary arteries, includ-
ing the proximal portion of the left anterior descending (LAD) 
coronary artery, also disclosed involvement, even in this young 
population. The Bogalusa Heart Study also showed a correlation 
between risk factors during life and the degree of atherosclerotic 
involvement at autopsy.130 These systematic observations agree 
with reports of a substantial burden of coronary arterial athero-
sclerosis in young American male casualties during the Korean 
and Vietnam wars.131 Indeed, maternal hypercholesterolemia asso-
ciates with fatty streak formation in fetuses.132

These various data indicate that atherosclerosis affects arter-
ies far more diffusely than we believed only a few years ago. The 
process begins much earlier in life than generally acknowledged. 
Indeed, intravascular ultrasound studies have shown that 1 in 6 
American teenagers has significant atherosclerotic involvement of 
the coronary arteries.133 These findings have considerable impor-
tance for understanding the pathophysiology of the clinical mani-
festations of atherosclerosis. They also have important implications 
for the management of this disease (see later discussion).

Shear Stress and Atheroprotection: Why 
Atherosclerosis Begins Where It Does
The foregoing section emphasizes the diffuse nature of athero-
sclerosis in adults. Yet in both humans and experimental animals, 
atherosclerosis begins in certain stereotyped locales. The predilec-
tion of atherosclerosis for branch points and flow dividers appears 
quite consistent across species.

Why do these sites have a predisposition to early atherogene-
sis? Decades of sophisticated biomechanical analysis have estab-
lished that atheromata tend to form at sites of disturbed blood 
flow, particularly areas of low shear stress.134,135 Endothelial cells 
somehow can sense shear stress; in areas of laminar shear stress  
in vivo and in monolayers of cultured cells in vitro, for  example, 
ECs align their long axes parallel to the direction of flow. At branch 
points and dividers in the arterial tree, the well-ordered cobble-
stone array of the endothelial monolayer changes—cells appear 
more polygonally and irregularly shaped. Areas of low shear stress 
show heightened EC turnover, increased permeability, and pro-
longed retention of lipoprotein particles in the subendothelial 
regions of the intima. Such data, accumulated over many decades, 
provide answers to the question of what goes awry at sites of 
lesion predilection.

More recent data have inspired a different and complemen-
tary hypothesis to explain the focality of atherosclerosis initiation. 
Transcriptional profiling provides a “snapshot” of the expression 
of a large number of genes in a single experiment. The pattern of 
genes expressed by ECs subjected to controlled physiological lev-
els of laminar shear stress in vitro differs strikingly from that of rest-
ing ECs in vitro. Several of genes differentially expressed by ECs 
experiencing laminar shear stress appear to have “atheroprotec-
tive” functions. A number of putative atheroprotective genes rise 
selectively under conditions of physiological laminar shear stress. 
These findings suggest that regions of undisturbed laminar shear 
stress enjoy tonic endogenous antioxidant, vasodilatory, and antiin-
flammatory properties conferred by the function of these putative 
“atheroprotective” genes.136

For example, superoxide dismutase can catabolize the highly 
reactive superoxide anion (O2

−). Cyclooxygenase (COX)-2 can give 
rise to the vasodilatory and antiaggregatory arachidonic acid 



118

CH 
8

 metabolite prostacyclin. The endothelial isoform of nitric oxide 
synthase (eNOS) produces the endogenous vasodilator, antithrom-
botic, and antiinflammatory mediator nitric oxide (NO), which 
exerts antiinflammatory actions by combating leukocyte adhe-
sion to the activated EC. The transcription factor  Krüppel-like  
factor 2 (KLF-2) has emerged as an integrator of shear stress and 
altered endothelial functions implicated in “atheroprotection.”137 
Flow-mediated stimulation of adenosine monophosphate (AMP)-
dependent protein kinase may in turn signal activation of KLF-2.138

At regions of disturbed flow—for example, near branch points 
and flow dividers—expression of these endogenous atheropro-
tective genes should decline. Indeed, regions predisposed to early 
lesion formation show activation of nuclear factor (NF)κB, the mas-
ter regulator of inflammatory gene expression.139 Because NO can 
antagonize activation of NFκB, absence of laminar flow in these 
regions may explain, at least in part, the tendency of nascent ath-
eromata to form at such sites.140

Thus, atherosclerosis is both a focal and diffuse disease. It begins 
focally for reasons we understand in increasing detail. The stenoses 
that cause flow-limiting lesions tend to localize in similar regions. 
Much of our diagnostic and therapeutic activity in contempo-
rary cardiology and vascular medicine has traditionally focused 
on these stenoses. Advances in both arterial biology and clinical 
science heighten our appreciation of the diffuse distribution of 
atherosclerosis and the systemic nature of the risk factors that pro-
mote its development. These considerations help us understand 
how optimum medical management with systemic therapies can 
confer benefits on par with those derived from revascularization 
procedures in many patients.141

Pathophysiology of Thrombotic Complications 
of Atherosclerosis
As noted, flow-limiting stenoses have driven much of the diagnos-
tic and therapeutic activity in clinical atherosclerosis for many 
decades. Patients with flow-limiting lesions often experience symp-
toms due to ischemia (e.g., angina pectoris in the coronary cir-
culation, intermittent claudication in peripheral artery disease). 
We can readily diagnose ischemia by various noninvasive modal-
ities. We can localize stenoses through invasive and noninvasive 
angiographic techniques. Percutaneous and surgical approaches 
can effectively relieve ischemia due to focal stenoses, but do not 
address lesions that do not limit flow.

We recognize increasingly that in many cases, acute thrombosis 
does not occur in the most tightly narrowed segments of an artery. 
The best illustration of this counterintuitive observation arises 
from analyses of fatal coronary thromboses. Clinical evidence 
suggests that a minority of fatal coronary thrombi occur where  
stenoses exceed 60%.142,143 Thus, many occlusive thrombi com-
plicate lesions that neither limit flow nor meet traditional angio-
graphic criteria for “significance.” Fewer data exist regarding the 
substrates for thrombosis in noncoronary arteries. But in peripheral 
and carotid arteries, inflammation—tightly linked to mechanisms 
of  thrombosis—characterizes atherosclerotic lesions. Intraplaque 
hemorrhage appears quite common in carotid plaques that cause 
cerebral ischemic disease as well.

Although most fatal myocardial infarctions (MIs) occur at sites 
of noncritical stenosis, it does not follow that high-grade stenoses 
cause fewer heart attacks than less obstructive lesions. Indeed, on 
a “per-lesion basis,” tighter stenoses are more likely to give rise to 
acute MIs.144 Because the noncritically stenotic lesions outnumber 
“tight” stenoses, the total risk attributable to less stenotic lesions 
exceeds the risk due to the less numerous lesions that cause 
higher-grade stenoses.

A common confusion surrounds the distinction between lesion 
size and degree of stenosis. Based on our traditional angiographi-
cally centered view of atherosclerosis, many assume that lesions 
that cause high-grade stenoses are larger than those that cause 
less obstruction. This fallacy fails to consider the importance of 
outward remodeling or compensatory enlargement. The  outward 
growth of most atherosclerotic plaques before they begin to 
encroach on the lumen protects the lumen from obstruction and 
conceals the growing lesion from visualization by angiography 
until the latter stages of its evolution. Thus, low-grade stenoses do 
not equate with smaller plaques. Indeed, larger and eccentrically 
remodeled plaques may cause acute coronary syndromes (ACSs) 
more frequently than smaller plaques that do not exhibit compen-
satory enlargement and/or produce greater degrees of stenosis.145

Concordant evidence from several avenues of investigation 
 suggests that a physical disruption of the atherosclerotic plaque, 
rather than a critical degree of stenosis, commonly precipitates 
arterial thromboses. Four mechanisms of plaque disruption 
may cause thrombosis or rapid plaque expansion146,147 (Fig. 8-3). 
A through-and-through fracture of the plaque's fibrous cap 
causes most fatal coronary thromboses (see Fig. 8-3). Our group 
hypothesized a model of the pathophysiology of this  common 

Micro vessels

Intraplaque Hemorrhage

Intraplaque Hemorrhage

Superficial Erosion

Erosion of Calcium Nodule

Rupture of Fibrous Cap

Calcium Nodule

FIGURE 8-3 Mechanisms of plaque dis
ruption. Rupture of fibrous cap (upper left) causes 
two thirds to three quarters of fatal coronary 
thrombosis. Superficial erosion (upper right) 
occurs in one fifth to a one quarter of all cases of 
fatal coronary thrombosis. Certain populations, 
such as diabetic individuals and women, 
appear more susceptible to superficial erosion 
as a mechanism of plaque disruption and 
thrombosis. Erosion of a calcium nodule may 
also cause plaque disruption and thrombosis 
(lower left). In addition, friable microvessels in the 
base of an atherosclerotic plaque may rupture 
and cause intraplaque hemorrhage (lower 
right). Consequent local generation of thrombin 
may stimulate smooth muscle proliferation, 
migration, and collagen synthesis, promoting 
fibrosis and plaque expansion on a subacute 
basis. Severe intraplaque hemorrhage also can 
cause sudden lesion expansion by a mass effect 
acutely. (Reproduced with permission from Libby 
P, Theroux P: Pathophysiology of coronary artery 
disease. Circulation 111:3481, 2005).
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 mechanism of atherosclerotic plaque disruption that focused 
on the metabolism of interstitial collagen. This ECM macromol-
ecule accounts for much of the biomechanical strength of the 
plaque's fibrous cap. Further hypothesizing that inflammation reg-
ulates the metabolism of interstitial forms of collagen and might  
regulate the stability of an atherosclerotic plaque (Fig. 8-4), we 
found that certain proinflammatory cytokines expressed in the 
atherosclerotic plaque can inhibit the ability of the SMC to syn-
thesize new collagen required to repair and maintain the integ-
rity of the plaque's fibrous cap. Notably, the signature TH1 cytokine 
IFN-γ can inhibit interstitial collagen gene expression in human 
VSMCs.109

The interstitial collagen triple helix resists breakdown by most 
proteinases. We described the overexpression of  proteolytic 
enzymes specialized in the catabolism of collagen in the ath-
erosclerotic plaque, and further demonstrated that inflammatory 
mediators found in the atheroma can enhance the expression 
of these collagenolytic enzymes, members of the MMP family. 
Cells in human atheromata overexpress all three members of the 
human interstitial collagenase family (MMP-1, MMP-13, and MMP-8).  
We have furnished evidence that collagen breakdown occurs  
in situ  in human atherosclerotic plaques.148,149 These findings indi-
cate that the interstitial collagenase MMPs exist in their active 
forms rather than their precursor zymogen forms. Furthermore, 
demonstration of collagenolysis in situ indicates that these col-
lagenases overwhelm their endogenous inhibitors, including tis-
sue inhibitors of MMPs (TIMPs).150 We also ascribed a hitherto 
unknown function to tissue factor pathway inhibitor (TFPI)-2 as a 
potent collagenase inhibitor.151 Although we find little regulation 
of TIMPs in atherosclerotic lesions, TFPI-2, abundant in normal 
arteries, shows decreased levels in atherosclerotic lesions. Thus, a 
preponderance of proteinases over their inhibitors prevails in the 
atherosclerotic plaque.

Colocalization of proteinases with inflammatory cells, and 
regulation of their expression by products of inflammatory cells, 
strongly implicate disordered collagen metabolism as a key mech-
anism for atherosclerotic plaque destabilization. Experiments 
using genetically altered mice have demonstrated the importance 
of collagen catabolism due to MMP collagenases in the regulation 
of the steady-state level of this ECM macromolecule in experimen-
tal atheromata using both loss-of-function and gain-of-function 
strategies.152–154 The finding that inflammatory mediators elicit 
overexpression of MMP collagenases from macrophages supports 

the view that inflammation promotes the thrombotic complica-
tions of atherosclerosis. This mechanistic insight aids the under-
standing of how biomarkers of inflammation can help predict 
such events.

Superficial erosion of the endothelial monolayer constitutes an 
important cause of a minority of coronary thromboses155,156 (see 
Fig. 8-3). Women, the elderly, patients with diabetes, and patients 
with hypertriglyceridemia appear to have a higher frequency of 
superficial erosion as a cause of fatal thrombosis than do younger, 
male hypercholesterolemic individuals. Various molecular and 
cellular mechanisms may underlie superficial erosion. Excessive 
proteolysis of ECM macromolecules that make up the subendo-
thelial basement membrane may predispose toward endothe-
lial desquamation and superficial erosion. Apoptosis of ECs may 
also promote superficial erosion. Various proinflammatory stimuli 
can sensitize ECs to apoptosis. In addition, hypochlorous acid, a 
product of myeloperoxidase—an enzyme found in leukocytes 
in atherosclerotic plaques—can provoke EC apoptosis.157 Local 
generation of tissue factor from dying ECs may also contribute to 
thrombosis at sites of superficial erosion.

Atherosclerotic plaques often harbor rich plexi of microves-
sels. Neovascularization of plaques provides an additional portal 
for trafficking of leukocytes that may promote the inflammatory 
process.158 Neovessels in the plaque, like those in the diabetic 
retina, may be friable and fragile. Intraplaque hemorrhage due to 
disruption of microvessels may cause sudden plaque expansion 
(see Fig. 8-3). Local generation of thrombin and other mediators 
associated with coagulation in situ may promote lesion growth. 
For example, platelet-derived growth factor (PDGF), TGF-β, and 
platelet factor 4 (PF4), released by platelets at sites of micro-
vascular hemorrhage and intramural thrombosis, may hasten 
local fibrosis. Thrombin can stimulate SMC migration, division, 
and collagen synthesis. Thus, microvascular disruption, while not 
provoking an occlusive thrombus, may promote lesion evolution 
nonetheless.

Erosion through the intima of a calcified nodule represents 
another less common form of atherosclerotic plaque disrup-
tion associated with thrombosis (see Fig. 8-3). The active metab-
olism of calcium hydroxyapatite, with its accretion and removal 
as described earlier, can contribute to calcium accumulation in 
regions of atherosclerotic plaques. The tendency of atheromata to 
accumulate calcium has given rise to clinical testing. Increasing 
evidence supports the contention that the amount of coronary 
artery calcification correlates with the burden of atherosclerotic 
disease. Moreover, emerging data suggest a correlation between 
calcium score and risk of future cardiovascular events.

The degree to which calcium scoring or any other imaging 
modality (such as computed tomographic coronary angiography) 
can provide prognostic information beyond that available from risk 
algorithms based on traditional risk factors and selected emerging 
biomarkers, such as CRP measured with the high-sensitivity assay 
(hsCRP), remains uncertain. The notion that arterial calcification 
bears a relationship to atherosclerosis complication holds consid-
erable sway.  Yet, current biological understanding and preliminary 
clinical  evidence suggest that coronary lesions most likely to cause 
thrombosis contain less calcium than lesions that cause  flow-limiting  
stenoses and ischemia.159,160 Thus, the calcified lesions may have 
less propensity to disrupt and provoke coronary thrombosis than 
those with little calcium.

Mutability of the Atherosclerotic Plaque
The classic concept of atherosclerosis assumed a steady, relent-
less, and continuous progression of the disease. But serial angio-
graphic studies suggest that stenoses evolve in a discontinuous 
fashion, with periods of relative quiescence punctuated by spurts 
in growth. Our current understanding of plaque pathobiology 
suggests a plausible mechanism to explain this angiographically 
discontinuous evolution of arterial stenoses. Careful study of the 
coronary  arteries of individuals who succumb to  noncardiac 

FIGURE 8-4 Relationship between inflammation and collagen 
metabolism in the atherosclerotic plaque. T lymphocytes can elaborate 
interferon (IFN)-γ, which reduces ability of smooth muscle cell (SMC) to 
synthesize new collagen. T cell also can stimulate the macrophage through 
CD40 ligand to elaborate interstitial collagenases, matrix metalloproteinase 
MMP-1, -8, -13—enzymes that affect initial cleavage in the collagen fibril. 
Elaboration of gelatinases such as MMP-2, -9 can contribute to further cleavage 
of collagen fragments to peptides and amino acids. Transforming growth factor 
(TGF)-β and platelet-derived growth factor (PDGF) from autocrine or paracrine 
sources, including degranulating platelets, can promote collagen synthesis by 
SMCs.
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death, and of coronary arteries perfusion-fixed in the operating 
room from hearts of transplantation recipients with ischemic 
cardiomyopathy, as well as observations of cholesterol-fed non-
human primates, all indicate that areas of plaque disruption or 
superficial erosion with nonocclusive mural thrombus formation 
occur frequently. The picture that arises from an amalgamation of 
these human and experimental observations indicates that most 
plaque disruptions with thrombosis in situ do not proceed to a 
total occlusion and, indeed, usually pass unnoticed by the patient 
or physician (Fig. 8-5). For various reasons, plaque disruptions with 
mural thrombosis may not proceed to a disastrous total throm-
bosis in all events. In many patients, the endogenous fibrinolytic 
mechanisms or antithrombotic effects of dietary or pharmacolog-
ical  intervention may  prevent thrombi from propagating. Larger 

 arteries such as the aorta have sufficient flow to prevent mural 
thrombi from progressing to total occlusion in most instances. 
Indeed, although inspection of the aortas of many patients with 
atherosclerosis discloses many ulcerated lesions with mural 
thrombi, aortic occlusion due to thrombosis fortunately occurs 
relatively rarely (Fig. 8-6).

The failure of most mural thrombi to progress to total occlusion 
does not imply that such events have a benign course. Although 
subclinical at the time that they occur, the mural thrombi elicit 
a local “wound-healing” response that tends to promote plaque 
progression. Indeed, one of the types of “crisis” in the history of a 
plaque that can lead to its sudden evolution, as disclosed by serial 
angiographic studies, likely reflects such a scenario (see Fig. 8-5). 
A localized plaque disruption with mural thrombus can engender 

Normal
artery

Early atheroma

“Vulnerable” plaque
• Thin fibrous cap
• Large lipid pool
• Many inflammatory
  cells

“Stabilized” plaque
• Small lipid pool
• Thick fibrous cap
• Preserved lumen

Fibrous cap

Thrombosis
of a ruptured
plaque

Endothelium

Intima Media

SMCs

Adventitia

Healed ruptured
plaque
• Narrow lumen
• Fibrous intima

Acute
MI

FIGURE 8-5 Schematic of the life history of an atheroma. A normal human coronary artery has a typical trilaminar structure. Endothelial cells (ECs) in contact 
with blood in arterial lumen rest on a basement membrane. Intimal layer in adult humans generally contains a small amount of smooth muscle cells (SMCs) scattered 
within intimal extracellular matrix (ECM). Internal elastic lamina forms a barrier between the tunica intima and underlying tunica media. Tunica media consists of multiple 
layers of SMCs much more tightly packed than in diffusely thickened intima, and embedded in a matrix rich in elastin and collagen. In early atherogenesis, recruitment 
of inflammatory cells and accumulation of lipids leads to formation of a lipid-rich core, as artery enlarges in an outward (abluminal) direction to accommodate intimal 
expansion. If inflammatory conditions prevail and risk factors such as dyslipidemia persist, lipid core can grow, and proteinases secreted by activated leukocytes can 
degrade extracellular matrix; whereas proinflammatory cytokines such as interferon (IFN)-γ can limit synthesis of new collagen. These changes can thin the fibrous 
cap and render it friable and susceptible to rupture. When a plaque ruptures, blood coming in contact with tissue factor in plaque coagulates; platelets activated by 
thrombin generated from coagulation cascade, and by contact with collagen in intimal compartment, instigate thrombus formation. If thrombus occludes the vessel 
persistently, acute myocardial infarction (MI) can result (dusky blue area in anterior wall of left ventricle [lower right]). Thrombus may eventually resorb secondary to 
endogenous or therapeutic thrombolysis, but a wound-healing response triggered by thrombin generated during blood coagulation can stimulate smooth muscle 
proliferation. Platelet-derived growth factor (PDGF) released from activated platelets stimulates SMC migration. Transforming growth factor (TGF)-β, also released from 
activated platelets, stimulates interstitial collagen production. This increased migration, proliferation, and ECM synthesis by SMCs thickens fibrous cap and causes 
further intimal expansion, often in an inward direction, constricting lumen. Such stenotic lesions produced by luminal encroachment of fibrosed plaque may restrict 
flow—particularly under situations of increased cardiac demand—leading to ischemia, commonly provoking symptoms such as angina pectoris. Such advanced 
stenotic plaques, being more fibrous, may prove less susceptible to rupture and renewed thrombosis. Lipid lowering can reduce lipid content and calm intimal 
inflammatory response, yielding a more stable plaque with a thick fibrous cap and preserved lumen (center). (Reproduced with permission from Libby P: Inflammation in 
atherosclerosis. Nature 420:868, 2002.)



121

CH 
8

AT
H

ER
o

sC
lER

o
sis

a healing response induced by platelet products released at short 
range, such as TGF-β, a potent stimulus to collagen gene expres-
sion by SMCs. Platelet-derived growth factor, also released during 
platelet aggregation, stimulates SMC migration. Thrombin locally 
generated at sites of thrombosis can stimulate SMC proliferation, 
migration, and collagen gene expression.

All these molecular and cellular mechanisms conspire to pro-
mote a cycle of SMC migration, proliferation, and local collagen 
synthesis. Quite plausibly, this scenario leads to evolution from 
a lipid-rich plaque with abundant inflammatory cells to a more 
fibrous lesion, rich in connective tissue, often with a paucity of 
inflammatory cells due to their death or departure, accretion of 
calcium deposits, and a relative lack of lipid accumulation. Careful 
study of atheromata obtained at autopsy shows signs of healed 
plaque disruption in some fibrous lesions161,162 (Fig. 8-7).

The biological scenario just described depicts a more dynamic 
life history of the atherosclerotic plaque than that heretofore rec-
ognized (see Fig. 8-5). The heterogeneity of human atherosclerotic 
plaques, a concept now gaining considerable currency, highlights 
the importance of the qualitative characteristics of a lesion, not just 
its size. Whereas previous concepts emphasized the structure of 
atherosclerotic plaques, contemporary thinking accords a greater 
contribution to the biological characteristics of the plaque.

“Stable” vs. “Vulnerable” Plaques
Recognition of the heterogeneity of atherosclerotic plaques has 
fostered adoption of a dichotomous view of atheromata: “stable” 
versus “vulnerable” plaques. The notion of the vulnerable plaque 
has engendered considerable interest from pathologists and 
 practitioners alike. Current cardiologic parlance uses the term 

“vulnerable plaque” to designate a lesion characterized by a thin 
fibrous cap, a large lipid core, and a surfeit of inflammatory cells. 
Use of this term and its opposite, the “stable plaque,” extends find-
ings largely obtained at postmortem examination of humans who 
succumbed to acute MI. Although the dichotomization of plaques 
into vulnerable and stable provides a useful shorthand, we should 
exercise care in uncritically extrapolating morphological findings 
to foretell clinical complications.147

This pigeon-holing of plaques has engendered considerable 
effort to develop methods for identifying vulnerable or high-risk 
lesions, but such a view of atherosclerosis oversimplifies a disease 
of staggering complexity. For example, considerable evidence sug-
gests that a given arterial tree has not one but many vulnerable 
plaques. Angioscopic and intravascular ultrasonographic study of 
coronary arteries, as well as interpretation of angiographic obser-
vations, support the multiplicity of disrupted plaques in patients 
with ACSs.163

Inflammation may provide a mechanistic link between “insta-
bility” of coronary and carotid plaques in the same individuals.  

FIGURE 8-6 Widespread atheromatous involvement of abdominal 
aorta in patient with atherosclerosis. Note the variety of atheromata in 
different stages of evolution within a few centimeters of one another. There are 
ulcerated plaques, raised lesions, and fatty streaks among other types of lesions 
demonstrated in this example.

A

B
FIGURE 8-7 Hemorrhage, thrombosis, and plaque healing as a 
mechanism of atheroma progression. A, Photograph of coronary artery 
with plaque rupture that has led to an intraplaque hematoma without an 
occlusive thrombus. As explained in text, thrombin and platelet products 
such as platelet-derived growth factor (PDGF) and transforming growth factor 
(TGF)-β, elaborated locally at the site of microthrombosis and hematoma 
formation, can stimulate fibrosis. B, This Sirius red–stained preparation of cross-
section of coronary artery shows an area of plaque rupture (solid arrow) that 
healed to cause further accretion of a layer of collagen (open arrow) and luminal 
encroachment. This example illustrates the “archaeology” of the atherosclerotic 
plaque: distant plaque rupture, followed by healing and fibrosis, with progression 
of the lesion to stenosis. Note that the arterial lumen at the time of the original 
plaque rupture would not have shown a critical narrowing. (These figures were 
kindly provided by the late Prof. Michael J. Davies.)
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As previously mentioned, the aorta in an atherosclerotic individ-
ual often shows multiple ulcerated lesions, often within millime-
ters of fatty streaks, raised fibrous lesions, and resorbing healing 
thrombi (see Fig. 8-5). Thus, the quest to identify a single vulnerable 
plaque underestimates the complexity of the clinical challenge. 
Our broader view of the risk of atherosclerotic complications seeks 
the “vulnerable patient” and targets intervention more widely than 
to a single vulnerable plaque.

How could one approach such a vulnerable patient? Experi-
mental and clinical consideration provide grounds for consider-
able optimism in this regard. Atherosclerosis exhibits considerable 
mutability; lipid lowering and other manipulations can alter fea-
tures of plaques paramount to the clinical expression of the dis-
ease. Preclinical studies have shown that lipid lowering by diet or by 
treatment with statins can alter features of plaques associated with 
vulnerability in humans, such as proteinase activity or collagen con-
tent.164–166 Likewise, treatment with angiotensin-converting enzyme 
(ACE) inhibitors can confer characteristics of stability on experi-
mentally produced plaques in rabbits.167 Studies in atherosclerosis-
prone mice have demonstrated that interruption of inflammatory 
signaling pathways or manipulation of TGF-β can alter features of 
plaques associated with their propensity to rupture and provoke 
thrombosis. In addition to structural changes relating to the colla-
gen content of plaques that may determine their biomechanical 
integrity, interventions such as lipid lowering can reduce expres-
sion of tissue factor, hence lowering the thrombogenic potential of 
the atherosclerotic plaque.

Clinical studies also support the mutability of atherosclerosis, 
abundantly demonstrated in animals by the experiments described 
earlier. Infusion of forms of apo A-I can cause modest reductions 
in the volume of atherosclerotic plaques, as monitored by intra-
vascular ultrasound.168,169 Aggressive lipid-lowering therapy with a 
statin can arrest or even reverse accumulation of atherosclerotic 
plaque, as determined by serial ultrasonographic study.170 Careful 
 histological correlations with magnetic resonance imaging (MRI) 
disclose evidence of the mutability of atherosclerotic plaques in 
intact humans.171 These preclinical and clinical observations inspire 
considerable optimism regarding our ability to manipulate athero-
sclerotic plaques to benefit patient outcomes. The disease appears 
much more mutable than generally appreciated in the past.

Atherosclerosis: a Systemic Disease
Our traditional medical focus on atherosclerosis as a segmental 
disease caused by cholesterol accumulation has undergone an 
accelerated revision. We increasingly understand the global nature 
of factors that encompass the entire metabolic state of the patient, 
not just the serum cholesterol level. As the spectrum of risk fac-
tors in our population shifts, our attention must likewise broaden 
to encompass not just hypercholesterolemia but also the dyslip-
idemia associated with the metabolic syndrome and diabetes. As 
elevated LDL cholesterol and smoking recede as risk factors in our 
society, we must acknowledge the increasing contribution of obe-
sity and insulin resistance.

We also recognize increasingly the importance of  atherosclerosis 
beyond the coronary arteries. Our purview should now embrace 
the entire arterial tree with all its beds. We must strive to fill knowl-
edge gaps about regional differences in human atherosclerosis, as 
well as differences in the biology and clinical manifestations of 
atherosclerosis associated with the shifting pattern of risk factors.

Our comprehension of the pathophysiology of atherosclerosis 
has undergone a revolution in recent decades. Emerging data and 
deeper understanding of this process will continue to change our 
concepts of this disease in the future. We should take immense 
satisfaction in the therapeutic inroads furnished by contempo-
rary pharmacological tools. Reduction in coronary heart disease 
and cerebrovascular events accruing from treatments like statins 
and ACE inhibitors has changed medicine irrevocably, and pro-
vides striking benefits to patients. Therapeutic advances that have 

emerged from the application of progress in basic science, and 
have proved effective in randomized clinical trials, furnish cardio-
vascular medicine with an enviable and unparalleled database for 
the practice of evidence-based medicine.

Yet despite the victory of clinical science, much remains undone. 
The majority of cardiovascular events still occur despite optimal 
therapy that addresses multiple facets of our current understanding 
of the pathophysiology of this disease. Our challenge for the future 
is clear. We must strive to turn the tide on the alarming trends 
toward increased cardiovascular risk due to obesity and physical 
inactivity. We must not relent in our quest to advance the scientific 
understanding of atherogenesis and the translation to innovative 
therapies that address the residual and ever-growing burden of disease.

Many of the current landmark studies in the cardiovascular 
arena have focused on death and ACSs as “major adverse coronary 
events.” These endpoints offer relative ease of study, adjudication, 
and quantification. But we must not lose sight of the enormous 
impediment to quality of life due to intermittent claudication 
caused by peripheral artery disease, and the loss of ability to com-
municate and live independently due to cerebrovascular disease. 
In addition to the human costs of these manifestations of noncoro-
nary atherosclerosis, our society shoulders a substantial economic 
burden owing to the ravages of peripheral artery and cerebrovas-
cular disease. We must pursue these issues with the same fervor we 
have accorded to CAD. This goal will become even more impor-
tant as elder segments of our population continue to increase in 
numbers. The powerful tools available to investigators today pro-
vide grounds for optimism. Further inroads against the residual 
morbidity and mortality from atherosclerosis will emerge from 
future application of basic science to alter the biology of this dis-
ease, regarded not so long ago as an inevitable companion of the 
aging process.
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C H A P T E R  9  Pathophysiology of Vasculitis
Peter Libby

The pathophysiological mechanisms that underlie  vasculitis 
include elements of virtually all effector limbs of host defenses, 
including innate and adaptive immunity. Various  classification 
schemes separate the vasculitides into primary and  secondary 
families, and categorize them by size of the afflicted vessel. 
Classification of vasculitides is currently in ferment, with the 
 classical American College of Rheumatology classification and 
the Chapel Hill Consensus Conference criteria under reconsidera-
tion from several fronts and for various reasons.1–3 Epidemiological 
studies and clinical trials, for example, require standardized 
 definitions of these diseases, and these may overlap considerably. 
The confusion that reigns in this field reflects in part an incom-
plete understanding of the fundamentals of the pathogenesis 
of human vasculitides—an endeavor still in considerable flux. 
Whereas Chapter 41 provides a detailed classification of the vas-
culitides, this chapter focuses on the primary vasculitides and, for 
pedagogical purposes,  considers the pathophysiological mecha-
nisms of vasculitis in two broad categories: (1) mechanisms that 
underlie small-vessel vasculitis, and (2) mechanisms involved in 
medium- and large-sized arteritides (Fig. 9-1). Although this is an 
oversimplified categorization, it provides an organizational frame-
work for discussing elements of humoral immunity involved chiefly 
in primary small-vessel  vasculitides, and cellular immunity, likely 
the central mechanism underlying vasculitides of medium- and 
 large-sized arteries (Table 9-1).

Pathophysiology of Small-Vessel 
Vasculitis
Small-vessel vasculitides include Wegener granulomatosis, Churg-
Strauss’ syndrome, microscopic polyangiitis, Henoch-Schönlein 
purpura, and essential cryoglobulinemic vasculitis.2,3 Recognition 
that antineutrophil cytoplasmic antibodies (ANCAs) associate 
with many (but not all) small-vessel vasculitides has advanced 
understanding of their pathophysiology. In particular, Wegener 
 granulomatosis, microscopic polyangiitis, and Churg-Strauss’ syn-
drome associate strongly with ANCA. Many of the ANCA-positive 
small-vessel vasculitides involve the kidney.4

The principal antigens recognized by ANCA are the  neutrophil 
enzymes myeloperoxidase (MPO) and proteinase-3 (PR3) (see 
Table 9-1); some ANCA may recognize human neutrophil elas-
tase as well. Anti-PR3 antibodies also may recognize plasmin-
ogen.5 Antigens recognized by ANCA usually localize within 
 polymorphonuclear (PMNs) leukocytes. When primed by stimuli 
such as tumor necrosis factor (TNF)-α or when undergoing apop-
tosis or NETosis (release of chromatin fibers called  neutrophil extra-
cellular traps (NETs) that trap and kill microbes extracellularly), PMN 
leukocytes can release these antigens. These antigens in turn can 
bind back to the cell surface—in the case of PR3, through CD1776—
or decorate NETs.7 Binding of ANCAs to cell surface–associated 
MPO and PR3 on intact neutrophils leads to further activation of 
these leukocytes (i.e., generation of reactive oxygen species [ROS], 
release of lytic enzymes, binding of cells to the endothelium), as 
does engagement of the surface-bound Fc-portion of immuno-
globulin (Ig)G in immune complexes with FcγRs on neighboring 
cells. Uptake of neutrophil-released MPO and PR3 by endothelial 
cells (ECs) also may impair the viability and vasomotor responses 
of ECs.8 These events together aggravate the local inflammatory 
response. As opposed to secondary vasculitides, which charac-
teristically have substantial immune complex deposition upon 
histological examination, lesions of ANCA-associated conditions 
show modest Ig deposits.9 When released in soluble form, protein-
ases such as PR3 and neutrophil elastase readily bind to widely 

 distributed and  abundant  antiproteinases that may mask their rec-
ognition by ANCA. Circulating ANCA can also complex with these 
antigens, but such complexes form preferentially when protein-
ase antigens remain associated with the neutrophil cell surface 
(Fig. 9-2).

Individuals who express primarily MPO-directed ANCA (vs. PR3-
directed ANCA) may have distinct clinical courses.10 Microscopic 
polyangiitis associates particularly with anti-MPO ANCA, while 
Wegener granulomatosis typically associates with anti-PR3 ANCA 
(see Table 9-1). The possible clinical dichotomy between these 
patient categories may relate to the functions of target antigens. For 
example, binding to ANCA may protect MPO from clearance and 
inactivation by ceruloplasmin, increasing the ability of this enzyme 
to produce the highly oxidant species, hypochlorous acid (HOCl). 
Hypochlorous acid has many properties that may contribute to the 
pathophysiology of vasculitis, including stimulation of endothelial 
apoptosis.11

Not all patients with small-vessel vasculitis have ANCA-positive 
serology, indicating that some small-vessel vasculitides may involve 
other mechanisms or have low titer antibodies. Additionally, “atypi-
cal” ANCA directed against antigens other than MPO or PR3 may 
participate in the pathogenesis of vasculitis. Recent studies have 
implicated lysosomal-associated membrane protein-2 (LAMP-2) 
as a novel autoantigen in vasculitis.6,12,13 In addition to neutrophils, 
endothelial and other cells express LAMP-2, a recognition target 
for ANCA.

Antineutrophil cytoplasmic antibodies have proven unequivocally 
pathogenic in mice. In a  landmark investigation, Xiao et al. immunized  
mice lacking endo genous MPO, owing to targeted gene inactivation, 
with exogenous mouse MPO.14 Transfer of splenocytes from these 
MPO-immunized mice into immunodeficient mice caused severe 
necrotizing crescentic glomerulonephritis. In some cases, a systemic 
necrotizing and granulomatous vasculitis affected lung capillaries as 
well as the renal microvasculature (see Fig. 9-2). Purified anti-MPO 
IgG isolated from the MPO-immunized mice caused renal, pulmo-
nary, and cutaneous small-vessel vasculitis. Experimental depletion 
of neutrophils abrogated formation of glomerular lesions in anti-MPO 
IgG-treated mice, thus implicating granulocytes in the pathogenesis of 
ANCA-induced angiitis.15 Moreover, studies in bone marrow chimeric 
mice (transplantation of MPO wild-type or MPO-deficient bone mar-
row into MPO-immunized MPO-null animals) suggest that leukocytes 
are targets of anti-MPO ANCA.16

Immunization of PR3-deficient mice with PR3 yielded circulat-
ing anti-PR3 antibodies and modest renal and pulmonary vascu-
litis.17 These mice with anti-PR3 antibodies developed cutaneous 
vasculitis at sites of TNF-α injection. While not directly  comparable 
to the passive/adoptive transfer studies in MPO-deficient mice, 
these results support different pathogenic capabilities of these two 
major classes of ANCA in terms of severity and localization of vas-
culitis, at least in mice. Plasma exchange causes improvement in 
patients with ANCA-associated disease exacerbation, supporting 
the causal role of antibody in these conditions.6

Antineutrophil cytoplasmic antibodies may provoke vasculi-
tis in several ways (Figs. 9-3 and 9-4). These autoantibodies may 
increase activation and adherence of neutrophils to ECs.18 When 
neutrophils “primed” by exposure to TNF-α encounter MPO-
ANCA, a respiratory burst can ensue and produce ROS such as 
superoxide anion and hydrogen peroxide—proinflammatory 
mediators that can injure ECs and activate smooth muscle cells 
(SMCs).19,20 Antineutrophil cytoplasmic antibodies promote neu-
trophil degranulation, and can activate intracellular signaling 
pathways and heighten sensitivity of PMN leukocytes to classic 
stimulants, such as formyl peptides.21 The mechanism of vascular 
damage in immune complex disease also involves complement 
activation (see Fig. 9-4).6 Antigen-antibody complexes (immune 
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complexes) containing IgM or IgG can bind to  complement fac-
tor 1 (C1), lead to assembly of C3  convertase, and yield activation 
of C3, C4, and C5. Ultimately, assembly of the membrane attack 
complex (MAC, composed of oligomers of C9 and other termi-
nal complement components) can damage ECs by forming pores 
in their plasma membranes. Circulating immune complexes can 
sequester in  subendothelial basement membranes at sites where 

interendothelial separation has occurred. These trapped immune 
complexes then activate complement, and can engage neutro-
phils and monocytes via their Fc and complement receptors. 
Anaphylatoxins (fragments of C3a, C4a, and C5a) generated dur-
ing activation of the classical complement pathway can recruit 
granulocytes and monocytes and activate mast cells at sites of 
immune complex deposition in vessels. These leukocytes can 
amplify local inflammation and aggravate and perpetuate the 
vasculitic response.

Some pathogenic schemes for vasculitis invoke the participation 
of viruses—in some cases well substantiated, such as the associa-
tion of hepatitis C and cryoglobulinemia. Given the ubiquity of viral 
infections and antigen-specific antibody responses, circulation of 
viral antigen-antibody complexes probably occurs frequently. Yet, 
most common viral infections do not produce clinically evident or 
sustained vasculitis. The relative rarity of symptomatic or sustained 
vasculitis in common viral infections probably relates to tight con-
trol of the complement system—which, like many protease cas-
cades, undergoes intricate regulation by endogenous inhibitors.

The ANCA-positive vasculitides have a solid experimental and 
clinical evidence base that supports a pathogenic role for ANCA in 
the development of vasculitis. These findings illustrate the impor-
tance of humoral immunity in the pathogenesis of this category of 
vasculitides, but the cellular immune response may regulate aspects 
of the primarily humoral immune pathogenesis of the small-vessel 
vasculitides. For example, the balance between type 1 helper T cell 
(T

H1 cell, interferon [IFN]-γ predominant) responses and type 2 

Predominantly small
vessel

ANCA-associated
• MPA
• CSS
• WG

Limited skin

Other

Immune complex mediated
• Cryoglobulinemia

• HScP

Predominantly medium
vessel

Predominantly large
vessel

No predominant
vessel size

Behçet’s

Primary
CNS

Relapsing
polychondritis

Cogans’s

Other

PAN

GCA

Isolated
aortitis

TAK

Other

Other

Kawasaki

FIGURE 9-1 Classification scheme for the primary vasculitides. CNS, central nervous system; CSS, Churg-Strauss syndrome; GCA, giant-cell arteritis; HScP, 
Henoch-Schönlein purpura; MPA, microscopic polyangiitis; PAN, polyarterits nodosa; TAK, Takayasu arteritis; WG, Wegener granulomatosis. (Modified from Suppiah R, 
Basu N, Watts RA, et al: Advances in the classification of primary systemic vasculitis. Int J Adv Rheumatol 7:10, 2009. Reproduced with permission from Watts RA, Suppiah R, 
Merkel PA, et al: Systemic vasculitis—Is it time to reclassify? Rheumatology 50:643, 2011.)

 PUTATIVE PATHOGENIC EFFECTORS

Large-Artery Arteritides
Takayasu arteritis γδ T cells

Giant-cell arteritis T
H
1 and T

H
17 helper T cells

Small-Artery Arteritides
Microscopic polyangiitis Anti-MPO ANCA > Anti-PR3 ANCA

Wegener granulomatosis Anti-PR3 ANCA > Anti-MPO ANCA

Henoch-Schönlein purpura Viral infections, food allergies (?)

Churg-Strauss' syndrome Eosinophils, CD95

Cryoglobulinemia IgM > IgG, hepatitis C virus infection

TABLE 9-1  Pathophysiological Mechanisms of Some 
Primary Vasculitides

ANCA, antineutrophil cytoplasmic antibody; Ig, immunoglobulin; MPO,  myeloperoxidase; PR3, 
 proteinase-3; T

H
, helper T cell.
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helper T cell (TH2 cell, interleukin [IL]-4  predominant) slanted reac-
tions may modulate expression of  small-vessel  vasculitides; a TH1 
response may associate with the localized variant of Wegener gran-
ulomatosis rather than with the generalized form.22 Indeed, T cells 
appear to modulate the  consequences of the  antibody-induced 
disease.6,23 In later stages of ANCA-induced  vasculitides, T cells and 

their mediators may promote  granulomatous features of lesions 
that are more necrotizing and destructive of elastic fibers in their 
earlier phases. Some even speculate that such granulomatous 
lesions may constitute a local  lymphoid tissue that can perpetuate 
the disease through augmented production of autoantibodies and 
by presenting  antigens regionally via abundant dendritic cells.23,24

Murine MPO

Murine MPO Not immunized

splenocytessplenocytessplenocytes

BSA

BSA

MPO–
knockout

MPO–
knockout

Urine abnormalities

Focal necrotic GN
with crescents

RAG2 deficient (i.e.,
no B or T cells)

Renal insufficiency

Severe necrotizing GN with
crescents

Systemic vasculitis

No evidence of vasculitis

All have urine abnormalities, glomerular endocapillary hypercellularity, and granular
deposits of lg and complement

Urine abnormalities No urine abnormalities or vasculitis

Focal necrotic GN
with crescents

Pulmonary
capillaritis and
cutaneous
vasculitis

None of the mice developed the nonspecific
renal abnormalities of those receiving
splenocytes

RAG2–I– RAG2–I–B6 wild type B6 wild type

lgG containing
anti–MPO Ab

lgG containing
anti–BSA Ab

FIGURE 9-2 MPO-ANCA mice cause small-
vessel arteritis. ANCA, antineutrophil cytoplasmic 
antibody; BSA, bovine serum albumin; GN, 
glomerulonephritis; IgG, immunoglobulin G; MPO, 
myeloperoxidase; RAG2, recombination activating 
gene 2. (Data from Xiao H, Herringa P, Hu P, et al: 
Antineutrophil cytoplasmic autoantibodies specific 
for myeloperoxidase cause glomerulonephritis 
and vasculitis in mice. J Clin Invest 110:955, 2002. 
Reproduced with permission from Day CJ, Hewins P, 
Savage CO: New directions in the pathogenesis of 
ANCA-associated vasculitis. Clin Exp Rheumatol 
21:S35, 2003.)

Genetic Predisposition

(e.g., polymorphisms that affect adaptive
or innate immune responses)

Environmental Factors

(e.g., infections or adjuvants that influence
immunogenesis or pathogenesis)

Mediation of Acute Injury by
Neutrophils & Monocytes

Orchestration of Response to
Injury by T Cells & Macrophages

Loss of Tolerance &
Autoantibody Production

FIGURE 9-3 Pathogenic events during  
the evolution of ANCA disease. Production 
of pathogenic amounts of ANCA requires 
loss of tolerance. ANCAs activate neutrophils 
and monocytes, which results in acute 
inflammation and necrosis, eliciting a response 
orchestrated by macrophages and T cells. 
Multiple environmental and genetic factors 
modulate each pathogenic step from onset to 
outcome. ANCA, antineutrophil cytoplasmic 
antibody. (Reproduced with permission from 
Jennette JC, Xiao H, Falk RJ. Pathogenesis of 
vascular inflammation by  anti-neutrophil 
cytoplasmic antibodies. J Am Soc Nephrol 
17:1235, 2006.)
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Churg-Strauss' syndrome, which characteristically occurs in indi-
viduals with asthma, comprises a special case of small-vessel vas-
culitis. Tissue accumulation of eosinophils and peripheral blood 
eosinophilia characterize this disease. This form of small-vessel vas-
culitis appears to result from prolonged eosinophil survival due to 
an excess of soluble CD95, which antagonizes apoptosis usually 
mediated by engagement of CD95 on the eosinophil surface—a 
mechanism that usually holds the eosinophil population tonically 
in check. Indeed, patients with Churg-Strauss' syndrome have ele-
vated levels of soluble CD95, and CD95 ligation appears important 
in regulating eosinophil apoptosis.25,26

Observations in some secondary vasculitides further support the 
involvement of antibodies in vasculitis. In particular, the cryoglo-
bulinemic vasculitis associated with hepatitis C virus infection fre-
quently involves a polyclonal elevation of IgG and IgM antibodies, 
perhaps in response to polyclonal activation of B cells. In some 
cases, the mixed cryoglobulins in patients with chronic hepatitis C 
virus infection may contain ANCA, illustrating the overlap between 
primary and secondary vasculitides.27

Mechanisms that give rise to ANCA (primum movens) remain 
speculative. The association of Staphylococcus aureus nasal 
 infections and serological evidence of exposure to Ross River 
virus and other viruses with Wegener granulomatosis suggests that 
infection may trigger ANCA formation. Antigenic mimicry with 
such pathogens might explain selective induction of ANCA.12,28 A 
novel complex pathogenic model invokes autoantigenic comple-
mentarity rather than strict antigenic mimicry: PR3-ANCA patients 
have antibodies against a product of PR3 antisense ribonucleic 
acid (RNA) with sequence similarity to microbial and viral pro-
teins. About half of ANCA-positive patients transcribe the com-
plementary protein's antisense RNA. This protein product elicits 
antibodies that in turn provoke an antiidiotype immune response. 

Antiidiotypic antibodies bind the  autoantigen, raising the possibil-
ity that autoantigen complement, rather than the autoantigen itself, 
initiates the autoimmune response.29 Mouse experiments have 
shown important influences of genetic background on expression 
of ANCA-related vasculitis, suggesting that modifier genes or immu-
nogenetic mechanisms modulate individual responses to ANCA—
mechanisms that might explain the daunting clinical heterogeneity 
of these conditions in terms of severity and organ involvement.4

Pathogenesis of Medium- and Large-Sized 
Arterial Vasculitides
The pathological hallmark of medium- and large-sized artery 
 vasculitides—fibroproliferation with or without granuloma for-
mation—implicates a chronic cellular immune response in their 
pathogenesis. In contrast to the ANCA-associated small-vessel arte-
ritides considered previously, current evidence implicates a pri-
mary role for cellular immunity rather than humoral immunity in 
large-vessel arteritis (see Table 9-1).

The stimuli driving arteritis in Takayasu's disease, Kawasaki 
 disease, and polyarteritis nodosa remain unknown. Among the 
many mechanisms proposed for Takayasu's disease, evidence has 
accumulated for T-cell involvement.30 Recent work has  implicated 
heat shock protein 60 (hsp60)-reactive γδ T cells in the pathogen-
esis of Takayasu's disease.31 Other studies have pointed to antien-
dothelial cell antibodies in Takayasu arteritis.32 In this and other 
arterial diseases, whether such antibodies cause or result from the 
disease remains unknown.

Understanding of the pathogenesis of giant-cell arteritis as T cell–
mediated disease has continued to evolve. Weyand et al. have pro-
vided strong experimental evidence for the critical  involvement of 

ANCA bind to MPO
and PR3

ECs

Endothelial matrix

MAC

Basement membrane

Immune complexes activate 
the complement cascade

C5b + C6 + C7 + C8 + C9 = MAC 
                                            
                                          
                                        C5b + C5aC5

C3b + C3a

C4bC3 convertase

C1

C3

Soluble
immune
complex

Soluble antigens
Antibody

MPO

LAMP

PR3

Anaphylotoxins (C3a + C5a)
generated during complement 
activation recruit and activate 
leukocytes

+

FcR

Trapped immune
complexes can engage
neutrophils and
monocytes via their
FcRs

Immune complexes
are trapped in the
ECM

Increased
vessel wall
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FIGURE 9-4 Some mechanisms of small-vessel vasculitides. In resting polymorphonuclear (PMN) leukocytes, antigens such as myeloperoxidase (MPO) or 
proteinase-3 (PR3) remain localized within cells in millimolar quantities and hidden from the immune system. On priming or activation, neutrophils can release or 
exteriorize MPO or PR3. In addition, dying PMN leukocytes can furnish externally disposed MPO, PR3, or lysosomal-associated membrane protein-2 (LAMP-2) to the 
immune system. Binding of antibodies known as antineutrophil cytoplasmic antibodies (ANCA) can activate PMN leukocytes, enhancing their adhesion to endothelial 
cells, (ECs) (middle EC). Activated PMN leukocytes can undergo an oxidative burst, producing high levels of reactive oxygen species (ROS) such as superoxide anion 
or hypochlorous acid (HOCl), which can injure ECs. Release of neutrophil elastase and other hydrolases can digest basement membrane, leading to the classic 
picture of a necrotizing vasculitis affecting small vessels of the glomerulus, lung, or skin. Formation of immune complexes can directly activate cells by binding 
to Fc receptors (FCRs), and can unleash complement which, in turn, can bind complement receptors. Activation of the complement pathway can also generate 
anaphylotoxins, which can recruit and activate additional leukocytes. Similar mechanisms are involved in the secondary vasculitides (e.g., those associated with 
endocarditis and serum sickness), systemic lupus erythematosus, and rheumatoid arthritis. ECM, extracellular matrix; MAC, membrane attack complex.
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CD4-positive T lymphocytes in the pathogenesis of giant-cell arteri-
tis. Their approach involved grafting human temporal artery speci-
mens from patients with giant-cell arteritis into immunodeficient 
mice. Ablation of the human T lymphocytes by administering anti–
T-cell antibodies to these mice halts the inflammatory process in 
the xenografted human arterial specimen.33

Analysis of T-cell populations in human peripheral blood has 
shown high levels of TH1 and TH17 lymphocytes in untreated patients 
with active giant-cell arteritis.34 These T-cell subtypes produce IFN-γ, 
a cytokine implicated in many aspects of arterial pathophysiology 
that might promote vasculitis.35,36 Using the human-mouse chimera 
preparation, glucocorticoid treatment could inhibit IL-17 but not 
IFN-γ production. These results have clinical implications for the 
management of giant-cell arteritis.

The initiating stimulus for medium- and large-vessel arteritis 
remains uncertain. The predisposition of certain populations, par-
ticularly those of Northern European descent, suggests a genetic 
component. As in other diseases of obscure origin, many have 
hypothesized that infectious processes trigger medium- and large-
artery vasculitides, but recovery of infectious agents from lesions 
has not proven reproducible. Some experimental results support 
the presence of antigens that can stimulate T cells in extracts of 
lesions of giant-cell or Takayasu arteritis, such as members of the 
hsp60 family.

The inflammatory process that initiates medium- and large-
sized artery vasculitis may originate in the adventitia. Normal arte-
rial adventitia contains resting dendritic cells. When activated, 
dendritic cells function importantly as antigen-presenting cells 
(Fig. 9-5); they patrol their environment, engulfing and present-
ing antigens to T helper cells that typically bear the CD4 marker. 
Unactivated dendritic cells usually inhibit T-cell stimulation, a 
 process known as tolerization, but activated dendritic cells can trig-
ger the cellular immune response. Normal arterial tunica media 
appears “immunoprivileged”—it usually does not support affer-
ent signaling to the cellular immune system. The “break” in medial 
immunoprivilege may result from local expression of the charac-
teristic T

H1 cytokine, IFN-γ.37

In arteries affected by giant-cell arteritis, dendritic cells become 
activated, as disclosed by their expression of the markers CD86 and 
CD83. Dendritic cells can accumulate in the media and intima of 
the artery. Activated dendritic cells express the chemokine recep-
tor CCR-7, which can bind a trio of chemokine ligands, CCL-18, -19, 
and -21. These chemoattractant cytokines, overexpressed in the 
inflamed artery wall, can attract dendritic cells into the nascent 
vasculitic lesion. Recruited and activated dendritic cells can now 
effectively present antigen to T lymphocytes and stimulate the 
afferent limb of cellular immunity.

When activated, T cells can secrete cytokines such as IFN-γ and 
express CD40 ligand on their surface. These effectors of the acti-
vated T lymphocyte act as strong stimuli for macrophage activation; 
activated macrophages then can form granulomas. Accumulating 
macrophages can fuse into multinucleated giant cells, one of 
the histological hallmarks of granuloma formation. T cell–driven 
 macrophage activation classically instigates the delayed-type 
hypersensitivity (DTH) response characteristic of granulomatous 
disease. For example, the cutaneous reaction to injected purified 
protein derivative from tubercle bacilli elicits a T cell–driven mac-
rophage response believed to replicate the initial steps in forma-
tion of granulomas (e.g., those characteristic of infection with the 
tubercle bacillus).

Activated macrophages can release multiple mediators that 
participate in the fibroproliferative process characteristic of 
medium- and large-artery vasculitis. Production of mediators 
such as transforming growth factor (TGF)-β can stimulate colla-
gen synthesis, as well as that of other constituents of the extra-
cellular matrix (ECM).38 This fibrogenic response contributes to 
expansion of intimal volume, characteristic of these arteritides. 
Mitogenic and chemoattractant factors released from activated 
macrophages can also stimulate SMC migration and proliferation. 
For example, activated macrophages can produce  platelet-derived 

growth factor (PDGF), fibroblast growth factor (FGF) family mem-
bers, and other stimulators of SMC multiplication and directed 
migration.39 Activated macrophages also produce ROS and lipid 
hydroperoxides that can injure ECs and further amplify arterial 
injury.

The elastic laminae in medium- and large-sized arteries affected 
by giant-cell arteritis typically do not show severe dissolution, but 
fragmentation of the internal elastic lamina can occur. Elastolysis 
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FIGURE 9-5 Some mechanisms of large-vessel vasculitides. Resting 
dendritic cells (DC−) can exert an inhibitory influence on T cells. DC− localized 
in adventitia may provide a check on T-cell activation in the normal arterial wall. 
When appropriately stimulated, activated dendritic cells (DC+) express markers 
such as CD86. Expression of chemokine receptor-7 (CCR-7) allows recruitment 
of DC+ by the chemokine ligands CCL-18, -19, and -21. High levels of expression 
of class II histocompatibility antigens facilitate presentation of foreign peptides 
to T lymphocytes. When activated, the CD4-positive T cell (T cell+) augments 
production of interferon-γ (IFN-γ) and expresses high levels of CD40 ligand on its 
surface. These and other stimuli can activate the resting macrophage (Mφ−) by 
engaging cognate receptors on its surface. The stimulated macrophage (Mφ+) 
can secrete multiple mediators of the fibroproliferative response involved in 
intimal expansion characteristic of large- and medium-cell arteritides, including 
growth factors and cytokines, reactive oxygen species (ROS) such as superoxide 
anion (O

2
−), or reactive nitrogen species such as nitric oxide (●NO). The activated 

macrophage also augments expression of class II major histocompatibility 
antigens (MHC) that enhance the cell type's antigen-presenting function. 
Elastolytic and other proteinases secreted by activated macrophages can 
contribute to arterial remodeling in inflamed vessels. Coalescence of activated 
macrophages creates the multinucleated giant cell characteristic of granulomata 
that form in these arteritides. These mechanisms participate in the pathogenesis 
of giant-cell arteritis and other medium- and large-vessel arteritides.
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mediated by elastolytic enzymes of the matrix metalloproteinase 
(MMP) family (e.g., MMP-9, MMP-12), or by elastolytic cathepsins 
secreted by macrophages stimulated by CD40 ligand or other pro-
inflammatory cytokines, contributes to elastic fiber fragmentation. 
This elastolysis can promote migration of SMCs and remodeling 
characteristic of intima expansion. Arterial ectasia or aneurysm 
formation sometimes occur in advanced giant-cell arteritis, or fre-
quently as a chronic complication of Kawasaki  disease. In this case, 
elastin destruction and digestion of other ECM macromolecules 
likely pave the way for  arterial expansion. Compared with small-
vessel vasculitides, medium- and large-sized arteritides do not 
involve extensive necrosis. A  concentric  fibroproliferative expan-
sion of the intima with or  without  granuloma formation, rather than 
cell death, predominates.

Summary of Pathogenic Mechanisms 
in Vasculitides
This chapter has dichotomized the pathophysiological mecha-
nisms of vasculitis—those that affect primarily small vessels, and 
those that characteristically involve medium- and large-sized 
arteries (see Table 9-1). Although exceptions and overlap clearly 
exist, the small-vessel vasculitides appear more driven by antibod-
ies and activated PMN leukocytes than by cells of the adaptive 
immune response, such as T cells and dendritic cells involved in 
the initiation of medium- and large-sized arteritis. Activated PMN 
leukocytes appear to act as the major effector in small-vessel vas-
culitides. In contrast, the macrophage, recruited in response to 
dendritic cell–T lymphocyte control, likely accounts for much of 
the tissue response in medium- and large-vessel arteritides. The 
immunoprivilege of the arterial media provides a fertile field for 
dendritic cells to survey for, and to present, antigens to incite the 
cellular immune response. Antigens that drive small-vessel vascu-
litides include MPO and PR3, common stimuli for ANCA develop-
ment. The antigenic drivers of medium- and large-sized arteritides 
remain unknown.

Necrosis, the histological hallmark of small-vessel vasculitides, 
occurs in all lesions, whether they affect glomerular  capillaries, 
pulmonary microvasculature, or small vessels in the skin. In con-
trast, rapid formation of concentric intimal lesions, characterized 
by accumulation of ECM and SMCs, occurs during the formation 
of medium- and large-sized  arteritides. The histological hallmark 
of these arteritides, the granuloma, usually does not involve necro-
sis or widespread elastolysis, but instead involves formation of 
giant cells derived from macrophages. Pathogenesis of both types 
of vasculitis appears to involve oxidative stress, as exemplified 
by the production of ROS including superoxide anion and MPO-
derived HOCl. But elastolysis in small-vessel vasculitides probably 
involves  neutrophil elastase, rather than the metalloelastases or 
cysteinyl elastases characteristically elaborated by mononuclear 
 phagocytes stimulated by TH1 cytokines.

Future goals of the investigation in this field include delineation 
of the antigens involved in instigating medium- and large-sized 
arteritides. We should aim to achieve a greater understanding of 
the differences between giant-cell arteritis, polymyalgia rheumat-
ica (which in some ways resembles a forme fruste of giant-cell 
arteritis), and Takayasu arteritis. Immunogenetic components may 
participate in these distinct manifestations of arteritis. The current 
practicality of high-throughput genome sequencing may facilitate 
identification of susceptibility and modifier genes. Yet low numbers 
of patients, heterogeneity and overlap of the vasculitic syndromes, 
and attendant nosological controversies will likely hamper this 
effort.

Individuals of Northern European descent display the greatest 
susceptibility to giant-cell arteritis, whereas Asian and Hispanic 
populations seem most at risk for Takayasu arteritis. As we under-
stand better the specific triggers for inflammatory processes 
involved in these various forms of vasculitis, we should strive to 
target therapies more precisely and develop finer diagnostic tools. 

Ultimately, deeper insight into pathogenesis may guide clinical 
 trials, inform management guidelines, and enable us to prevent 
and effectively treat these often serious and debilitating diseases 
of the vasculature.40,41
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Overview of Thrombosis
Abnormal hemostasis leads to thrombus formation. Thrombosis 
in either the arterial or venous system is a leading cause of sig-
nificant morbidity and mortality. When thrombosis occurs in the 
arterial system, myocardial infarction (MI) and stroke may result, 
whereas thrombosis in the venous system leads to venous throm-
boembolic disease. Thrombosis and thrombotic-related events are 
among the most common causes of mortality in the Western World. 
It is estimated that 785,000 people in the United States had new 
thrombotic events within the coronary circulation in 2009, and 
that over 450,000 had recurrent events. Stroke also accounts for sig-
nificant morbidity, with 795,000 people per year suffering from a 
thrombotic event within the cerebral circulation. There are 200,000 
new cases of venous thromboembolism each year, 30% of which 
result in death in the first 30 days after diagnosis, the majority of 
deaths being sudden in the setting of a pulmonary embolism (PE).

The pathogenesis of thrombosis was elucidated as early as 1856 
when Virchow first described its major determinants, including 
abnormalities in the vessel wall, platelets, and coagulation pro-
teins as essential for establishing a thrombus. The composition of 
arterial thrombi is distinct from that of thrombi that form in the 
venous circulation. Arterial thrombi are composed mainly of plate-
lets and occur in areas of vascular wall injury; venous thrombi, by 
contrast, are rich in fibrin and dependent on a hypercoagulable 
response associated with individual coagulation factor abnormal-
ities or mechanical issues related to blood flow limitation. Under 
normal circumstances, the endothelial lining is not a thrombotic 
surface, with endothelial cells (ECs) constantly interacting with 
other cell types, including platelets, to directly inhibit thrombus 
formation through release of antithrombotic factors such as 
thrombomodulin, tissue factor pathway inhibitor (TFPI), plasmin, 
and antithrombin systems. At the same time, platelet aggregation 
is inhibited through prostacyclins and nitric oxide (NO) released 
directly from platelets.

When the endothelial surface becomes damaged, however, 
release of many procoagulant proteins (especially tissue factor) 
and activation of platelets result in uncontrolled hemostasis at the 
site of vascular injury.1 As the thrombus begins to form, it recruits 
additional platelets to the area, leading to further platelet activa-
tion. Initially, tethering of platelets is dependent upon exposure 
of glycoprotein (Gp)Ib-V-IX in damaged collagen, which binds 
to von Willebrand factor (vWF), resulting in adhesion of plate-
lets to the area of injury. Further recruitment of platelets is medi-
ated through activation of the GPIIb-IIa platelet receptor, which 

 undergoes a conformational change leading to increased affinity 
for  fibrinogen. These events culminate with further platelet acti-
vation that results in release of many essential components for 
thrombus formation, including adenosine diphosphate (ADP), 
serotonin, and thromboxane A 2 (TxA2).

Exposure of vascular collagen also leads to activation of the 
normal mechanisms of hemostasis—including the coagulation 
 cascade—through exposure of tissue factor, leading to “hemosta-
sis in the wrong place.” The coagulation regulatory system is out-
lined in Figure 10-1 and discussed in detail in Chapter 5. Briefly, 
both the tissue factor–mediated pathway (extrinsic) and the 
 contact-mediated pathway (instrinsic pathway) rely on activa-
tion of inactive enzyme precursors of serine proteases, which then 
reflexively lead to activation of another protein within the cas-
cade. The ultimate step results in cross-linking of fibrin to stabilize 
a platelet plug, leading to thrombus formation. The tissue factor–
initiated pathway is essential for thrombus formation. When tissue 
factor is released during cellular injury, factor VII is activated and 
complexes. This complex next activates factors X and XI. Activation 
of factor X is essential for conversion of prothrombin (factor II) to 
thrombin through the prothrombinase complex on activated plate-
lets. This cascade of coagulation proteins is essential for hemostasis 
but also can have deleterious affects when it occurs unregulated, 
leading to unwanted thrombotic complications.

Platelets, Thrombosis, and Vascular 
Disease
Venous Thrombosis
It is estimated that between 100,000 and 180,000 deaths due to 
a venous thromboembolic event occur annually. These events 
occur mainly in the vasculature at the area of the vessel sinus 
where stasis can lead to a hypercoagulable microenviron-
ment. The hemostatic process is activated when tissue factor is 
exposed at the site of vascular injury; initiation of the coagula-
tion cascade follows, with subsequent formation of thrombin 
and conversion of fibrinogen to fibrin. This process evolves at 
the same time platelets are actively being recruited to the area of 
injury through collagen exposure, leading to platelet and fibrin 
thrombus formation. A number of physiological anticoagulants 
are also present and modulate this response: antithrombin, TFPI, 
and activated protein C (APC) and its cofactor protein S. Defects 
in these hemostatic proteins can lead to disorders that elevate 
the risk of thrombus formation.

Protein C

Prothrombin

FibrinFibrinogen

Thrombin

Heparan sulfate

Factor X
Factor IXa
Factor VIIIa

Factor Xa

Factor Va

�2MG, �1AT, PCI

Activated protein C

Antithrombin III

Thrombin

FIGURE 10-1 Physiological regulation of blood coagulation. a2MG, a2-macroglobin; a1AT, a1-antitrypsin; PCI, protein-C inhibitor.
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Risk factors for venous thromboembolism are associated with 
venous stasis or acquired and congenital hypercoagulable states 
and include obesity, smoking, malignancy, pregnancy, hormone 
therapy, and recent trauma or surgery. Immobilization due to pro-
longed hospitalization following surgical intervention, and during 
long-distance air travel also contribute to the risk of VTE.

Genetic risk factors associated with increased risk of VTE 
include mutations in factor V (Leiden) and prothrombin 20210, 
as well as mutations leading to deficiencies in antithrombin, pro-
tein C, and protein S. Approximately 5% of the Caucasian pop-
ulation has at least one mutation for factor V Leiden, and 15% 
to 20% of patients who present with a VTE carry the mutation.2–5 
Approximately 2% of the population carry the prothrombin gene 
mutation, but it may be present in approximately 5% to 15% of 
persons with VTE.6 The population frequencies of mutations in 
other genes responsible for other coagulation factors (e.g., pro-
tein C) are estimated to be 1 in 500 individuals. Antithrombin 
III deficiency is associated with a frequency of 1 in 300 in the 
general population, and in 3% to 5% of those with thrombotic 
events. Previously it was thought that genetic mutations in genes 
important for methylene tetrahydrofolate reductase and hyperho-
mocysteinemia increased the risk of VTEs; however, recently this 
association has been shown to be less likely.7

One of the acquired risk factors known to be important in both 
venous and arterial thrombosis is acquisition of antiphospholipid 
antibodies, which represent a family of antibodies against phos-
pholipids (e.g., cardiolipins) and phospholipid binding proteins 
(e.g., GpI β2). Mechanisms responsible for thrombosis are still 
speculative but may include inhibition of protein C, antithrombin, 
and annexin A5 expression; binding and activation of platelets; 
enhanced EC tissue factor expression; and activation of the com-
plement cascade.8 Criteria for diagnosis of the associated disorder, 
antiphospholipid syndrome, includes the presence of both clinical 
events and laboratory evidence for the presence of antiphospho-
lipid antibodies.9

Arterial Thrombosis
Arterial thrombosis, which accounts for MI and thrombotic cere-
brovascular events, initiates from damage to the vessel wall, leading 
to a cascade of platelet-mediated cellular interactions. Endothelial 
injury resulting from plaque rupture with exposure of subendo-
thelial collagen and vWF is the core event that leads to arterial 
thrombosis. Platelet activation through direct interaction with 
exposed collagen or thrombin generated by tissue factor leads 
to thrombus formation. Important in this process are platelet fac-
tors that are released with activation, including ADP, serotonin, and 
TxA. Recruitment of additional platelets leads to thrombus growth 
as platelets aggregate through bridges formed from the binding 
of fibrinogen to the platelet receptor GpIIb-IIIa. Recruitment and 
activation of platelets is modulated by a tightly regulated pro-
cess that involves factors released from the platelet as well as the 
endothelium, including prostacyclin, NO, and ecto-AD (T)Pase. 
Prostacyclin, which is generated from arachidonic acid by the 
endothelium works through cyclic adenosine monophosphate 
(cAMP) to inhibit platelet function. Nitric oxide, through stimula-
tion of the soluble guanylyl cyclase to produce cyclic guanosine 
monophosphate (cGMP), directly inhibits platelet activation and 
prevents thrombosis; cGMP signaling cascades lead to a decrease 
in fibrinogen binding to GpIIb-IIIa and inhibits the phospholipase 
A

2 and C pathways.
A primary mechanism of arterial thrombosis is rupture of ath-

erosclerotic plaques, precipitating platelet-rich aggregates. Arterial 
thrombosis can have catastrophic consequences when it occurs 
in the coronary or carotid artery circulation. Factors that can exac-
erbate these types of thrombotic events include smoking, dia-
betes, hypertension, and hyperlipidemia. Thrombosis generally 
occurs when there is disruption in the hemostatic balance that 
results when pro- and anticoagulant molecules are at disequi-
librium. Endothelial damage shifts this balance towards a more 

 procoagulant force, leading to exposure of collagen and tissue 
factor. Collagen that is now exposed can activate platelets in the 
blood flowing through the vessel, and concomitantly thrombin is 
generated as the coagulation cascade is initiated in the presence  
of tissue factor. Genetic modifications of proteins important in 
coagulation can alter this process, creating a propensity to form 
thrombi in the arterial system (Box 10-1). These mutations affect 
platelet function, leading to increased propensity to aggregation.

Polymorphisms in the endothelial nitric oxide synthase 
(eNOS) gene, which is essential for NO production by ECs, have 
been described. The 894-G/T polymorphism I exon 7 results in a 
 glutamate-to-aspartate change at position 298. This polymorphism 
is associated with increased levels of nitrogen oxides that increase 
risk of hypertension, MI, and stroke in patients who are homozygous 
for the abnormality.10,11 A unique polymorphism in the promoter of 
the glutathione peroxidase-3 gene has been associated with throm-
botic strokes in children. Genome-wide associations have identified 
other loci associated with cardiovascular thrombotic disease.12

Increased levels of fibrinogen have been associated with an 
increased risk of MI, ischemic stroke, and peripheral artery dis-
ease.13 Age, elevated lipids, and smoking increase the risk asso-
ciated with fibrinogen. β-Chain variants, such as Arg448Lys, BclI, 
-148 C/T, -455 G/A, and -854 G/A, with the -455 G/A polymorphism, is 
present in 10% to 20% of the population and is associated with 
a significant rise in fibrinogen levels.14 Studies, however, have not 
been consistent, and the association between this polymorphism 
and risk of arterial thrombosis is not established.15 Another site of 
potential polymorphisms in the fibrinogen gene is the Thr312Ala 
substitution in the α chain. When this polymorphism is present, the 
fibrin stranding is thicker, and there is increased cross-linking that 
may predispose to an increased thrombotic risk.16

Other potential associations between arterial thrombosis and 
increased risk include hyperhomocysteinemia, elevated C-reactive 
protein (CRP), factor VII polymorphisms, increased plasminogen 
activator inhibitor (PAI)-1, and platelet hyperreactivity. Wald et al. 
performed a meta-analysis of 72 prospective cohort studies focus-
ing on a mutation in the methylenetetrahydrofolate reductase 
(MTHFR) C677T gene and the occurrence of various thrombotic 
events, including stroke and cardiovascular disease, and found a 

Polymorphism
Coagulation Factors
Fibrinogen beta chain 455 G/A
Fibrinogen beta chain 854 G/A
Fibrinogen beta chain Bcl1
Fibrinogen alpha chain Thr312 Ala
FVII Arg353Gln
FVII HVR4
FVII 401 G/T
FV Leiden
Prothrombin 20210 G/A
FXIII Val34Leu

Platelet Receptors
GPIIIa Leu33Pro
GPIb alpha VNTR
GPIb alpha Thr145Met
GPIa/IIa alpha2 807 C/T
GPIa/IIa alpha2 1648A/G

Fibrinolytic System
PAI-1 675 4 G/5 G
PAI-1 (CA)n
PAI-1 HindIII
tPA Alu insertion/deletion
tPA 7351 C/T
TAFI ala147Thr
TAFI 1542 C/G

Box 10-1 Genetic Polymorphisms and Arterial 
Thrombosis
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mild association between the mutation and risk of arterial events.17 
Other factors including CRP, factor VII, and PAI-1 have shown even 
less promising results.14

DRUGS  THAT  MODULATE  ARTERIAL  THROMBOSIS

Since arterial thrombi are mainly composed of platelets, and 
platelet activation is key to their formation, manipulation of plate-
let function is central to preventing arterial thrombosis. The most 
commonly used drugs that effect platelet function include aspirin, 
thienopyridines (clopidogrel and ticlopidine), dipyridamole, and 
GPIIb-IIIa antagonists.

Aspirin's mechanism of action is to irreversibly inhibit acety-
lation at serine-529 in the active site of platelet cyclooxygenase 
(COX)-1. In this manner, the COX-1 enzyme is unable to interact 
with arachidonic acid, so generation of prostaglandin H

2 and 
TxA are inhibited. Thromboxane A2 plays an essential role in 
regulating platelet activation and aggregation upon stimulation 
with platelet agonists, including collagen, thrombin, and ADP. 
When TxA binds to its receptor, phospholipase C is activated, 
and intracellular calcium increases; this leads to amplification 
of platelet aggregation and feedback-dependent release of more 
ADP and TxA. Aspirin functions by producing a dose-dependent 
inhibition of COX, which prevents the described feedback loop 
leading to platelet aggregation.

Use of aspirin to prevent arterial thrombosis was first estab-
lished in the ISIS-2 trial in which aspirin was shown to reduce 
the mortality rate associated with MI. Other studies showed 
that aspirin resulted in a 25% relative risk reduction from all 
vascular- associated events, including MI and stroke, and the ben-
efit occurred with treatment with low-dose aspirin.18 Although 
the half-life of aspirin is only 20 minutes, and inhibitory effects 
of aspirin on COX occur as quickly as 5 minutes after admin-
istration, irreversible inhibition of COX ensures that its effects 
are preserved for the lifespan of the platelet (7-10 days) such 
that COX activity does not return to normal levels until a new 
generation of platelets is produced. Interestingly, aspirin's inhibi-
tory properties appear to be most effective when exposed to 
weak platelet agonists (e.g., TxA, ADP), whereas exposure to 
stronger agonists (e.g., thrombin) leaves platelet function, as 
measured by aggregation, intact. For this reason, many of the 
essential functions of platelets, such as platelet adhesion to vWF 
or activation by thrombin, are not inhibited by aspirin. Aspirin 
resistance may explain some of the clinical failure seen with its 
use. Two recent meta-analyses regarding aspirin resistance have 
shown that laboratory evidence of unresponsiveness to aspirin 
may be associated with a high risk of recurrent thrombotic car-
diovascular events.19,20

Another important modulator of platelet function is ADP, which 
acts as a weak platelet agonist through two different platelet mem-
brane receptors, P2Y1 and P2Y12.21 When ADP stimulates the P2Y1 
receptor, the platelet undergoes a shape change and Ca2+ is mobi-
lized through activation of phospholipase C to initiate platelet 
aggregation in a reversible manner. The P2Y12 receptor is essential 
for secretion and stabilization of platelet aggregation by lowering 
cAMP levels.

There are two available thienopyridine derivatives that act as 
inhibitors of ADP-induced platelet aggregation: ticlopidine and 
clopidogrel. Clopidogrel is metabolized by cytochrome P450 
(CYP450) into an active metabolite that irreversibly blocks the 
P2Y12 receptor. Clopidogrel reduces recurrent thrombotic events 
in patients with cardiovascular disease.22–24 The Clopidogrel vs. 
Aspirin in Patients at Risk of Ischemic Events (CAPRIE) trial found 
that clopidogrel is more effective than aspirin in reducing the risk 
of cardiovascular events in patients with recent MI, recent ischemic 
stroke, and established peripheral artery disease. Ticlopidine is also 
metabolized by CYP450 to an active metabolite that functions to 
block the PGY12 receptor. Although it functions in a similar man-
ner to clopidogrel, it is associated with a higher degree of neutro-
penia and thrombotic thrombocytopenic purpura and is therefore 

not used as readily as clopidogrel.25,26 Other antiplatelet drugs in 
 clinical development include ticagrelor, cangrelor, and elinogrel, 
all of which reversibly inhibit the P2Y12 receptor.27

Another class of drugs in the armamentarium of antithrom-
botic agents is that which specifically targets the GpIIb-IIIa 
receptor to prevent the binding of fibrinogen essential for plate-
let aggregation. This approach blocks platelet aggregation inde-
pendently of the platelet agonist; GPIIb-IIIa activation is a final 
common pathway for almost all platelet agonists. The GPIIb-
IIIa receptor is the most abundant receptor on platelets and is 
also found on the surface of megakaryocytes. Under normal 
circumstances, this Gp receptor is inactive, but when platelets 
become activated, a signal transduction cascade is initiated that 
leads to a conformational change and activation of the recep-
tor, allowing it to bind to fibrinogen or, if high-shear conditions 
are in place, vWF. Binding is mediated by the Arg-Gly-Asp (RGD) 
and the Lys-Gly-Asp (KGD) sequences in both macromolecules. 
Drugs that inhibit GPIIb-IIIa include abciximab, eptifibatide, and 
tirofiban. Abciximab is derived from a murine monoclonal anti-
body and was one of the first GpIIb-IIIa receptor antagonists to 
be developed. It functions as a high-affinity antibody to inhibit 
platelet function through binding to the GpIIb-IIIa receptor, 
thereby blocking fibrinogen from interacting with its binding 
site. Abciximab also binds to integrins in the vitronectin recep-
tor, as well as MAC1 and CD11b-CD18, although the clinical sig-
nificance of these interactions is not understood. Eptifibatide is 
a cyclic heptapeptide which binds to GPIIb-IIIa through the KGD 
motif. Tirofiban is a tyrosine derivative that functions as an RGD 
mimetic.

These drugs work on the final common pathway of platelet aggre-
gation to inhibit binding to fibrinogen in a similar manner to abcix-
imab. They also appear to have anticoagulant activity because there 
is evidence of prolongation of the activated clotting time. These 
actions are thought to be regulated by inhibition of thrombin gen-
eration via tissue factor and a decrease in microparticle formation. 
Multiple clinical trials have shown that inhibition of GpIIb-IIIa is 
effective in preventing recurrent thrombotic events. Use of these 
drugs leads to a 35% decrease in acute ischemic events and a 26% 
decrease in recurrent events within 6 months. Long-term use of these 
drugs was shown to be efficacious in the EPILOG (Evaluation of 
PTCA to Improve Long-Term Outcome by c7E3 GpIIb-IIIa Receptor 
Blockade) trial, with a reduction in the incidence of death. Other 
trials have supported use of GpIIb-IIIa blockade in management of 
acute coronary syndromes (ACSs).28,29 Their use, however, has been 
reserved for high-risk circumstances such as percutaneous cor-
onary intervention (PCI) in ACSs, owing to the recent finding of 
long-term benefits of ADP receptor antagonists. 30

Oral GpIIb-IIIa inhibitors have not been shown to limit car-
diovascular events to date.31 This may be due to conformational 
changes in the GpIIb-IIIa receptor after antagonist dissociation 
from it. In this case, the receptor remains active and increases 
binding to fibrinogen and vWF, leading to a paradoxical throm-
botic effect. Novel GpIIb-IIIa antagonists that do cause such 
 conformational changes are under development. In one study, 
RUC-1, which is a novel compound discovered through high-
throughput  screening, induced partial exposure of the binding site 
yet still led to decreased platelet aggregation without enhanced 
fibrinogen binding. RUC-1 may represent a prototype molecule for 
these types of derivative drugs.32

Other antiplatelet agents that may inhibit thrombus forma-
tion yet preserve hemostasis so bleeding complications do not 
result are under investigation. One potential new therapeutic tar-
get is the GPIb-V-IX complex. Initial studies of patients who have 
Bernard-Soulier's syndrome identified a deficiency of the GPIb 
complex. The GPIb complex is important for building a platelet 
bridge through vWF at areas of endothelial damage. Drugs under 
development act as antagonists for the GPIb-vWF interaction, 
including specific monoclonal antibodies, the GpIb complex 
antagonists isolated from snake venoms,33,34 and the Fab frag-
ment of 6B4, which is a murine monoclonal antibody that  targets 
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human GPIb and prevents binding to vWF. Early nonhuman pri-
mate studies have  suggested that thrombus formation can be 
attenuated using these drugs.35

Inflammation and Thrombosis
Recent evidence has clearly established a role for inflam-
mation in the atherothrombotic process. Patients with ACSs 
have increased interactions between platelets and leukocytes 
forming detectable aggregates. The process of inflammation 
involves a variety of cell types, including leukocytes, ECs, and 
platelets. The endothelium becomes activated, and multiple 
cell-adhesion molecules are released, including P-selectin, 
which essentially has two important roles in inflammation: 
recruitment of proinflammatory cells and establishing signal-
ing cascades leading to increased expression of CD11b/CD18 
(MAC-1).36

Platelets are instrumental in the inflammatory aspects of ath-
erosclerosis. Thrombin activation of platelets leads to release of 
many procoagulant molecules and release of inflammatory mol-
ecules, including platelet factor 4 (PF4), platelet-derived growth 
factor (PDGF), and RANTES, which is regulated upon activa-
tion of normal T-cell expression. In addition, platelets that have 
been activated in the presence of thrombin secrete CD40 ligand 
(CD40L). This chemoattractant is key to the recruitment of ECs, 
smooth muscle cells (SMCs), and macrophages. CD40 ligand also 
recruits a variety of proinflammatory cytokines (e.g., interleukin 
[IL]-1, IL-6, and IL-8) and increases expression of the adhesion 
molecules  intercellular adhesion molecule (ICAM)-1, vascular 
(V)CAM-1, and P-selectin.37 CD40 ligand is also important for 
release of matrix metalloproteinases (MMPs), which are needed 
for plaque progression, neovascularization, and plaque rupture. 
CD40 ligand also initiates release of tissue factor, which then inter-
acts with other cells to create a thrombogenic microenvironment. 
T lymphocytes orchestrate an inflammatory cascade that begins 
by binding to VCAM-1 through signaling regulated by interferon 
(IFN)-γ-inducible  chemokine ligands (CXCLs), protein-10, and 
chemoattractant (I-TAC). Through this binding, a number of 
inflammatory cytokines are released, including the CD40 ligand; 
CD154, which leads to metalloproteinase generation; and tissue 
factor expression, which initiates the coagulation cascade. Mice 
that lack the CD40L have less atherothrombosis. Patients with 
ACSs have elevated levels of CD40L, and plasma levels of CD40L 
predict the risk of future cardiovascular events.38–40 It has been 
shown that elevated soluble CD40L levels can be decreased by 
treatment with abciximab.41

Our understanding of the role of inflammation in the thrombotic 
response has been expanded by many clinical studies that have 
shown an association between bacterial infections and increased 
risk of MI or stroke, although more studies are needed to prove 
this association.42,43 One possible mechanism is through Toll-like 
receptors (TLRs), which are present in platelets. Platelet activa-
tion through stimulation of TLR2 activates signaling mechanisms 
responsible for both thrombotic and inflammatory responses. 
These effects are responsible for the mechanism by which bac-
teria induce a proinflammatory cascade in platelets, suggesting 
that bacteria can directly activate platelet-dependent thrombotic 
responses.44 Recently this process was further refined by demon-
strating that TLR2 stimulation leads to platelet activation through 
PI3-kinase, which is known to be important in platelet activation–
associated shape change, calcium release, and granular content 
secretion.45

In summary, as our understanding of hemostasis and throm-
bosis continues to evolve, so does development of novel agents 
directed at treating thromboembolic diseases. This development 
continues to be driven by scientific discovery, growing numbers 
of patients, and indications for antithrombotics. Targets for anti-
platelet drugs continue to be defined, leading to novel therapies 
as well as development of additional agents in already success-
ful classes.
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C H A P T E R  11  The History and Physical Examination
Joshua  A. Beckman, Mark A. Creager

The ubiquitous nature of arteries, veins, and lymphatic vessels 
allows for any region of the body to develop vascular disease. 
This chapter describes the vascular medical history and physical 
examination—the core components of evaluating patients with 
vascular diseases. Application of these methods and tailored 
use of special examination maneuvers facilitate the diagnosis 
of vascular disease, especially when used in conjunction with 
vascular tests described elsewhere in this section. This chapter 
will review the cardinal complaints of patients with vascular dis-
ease, and then the physical findings associated with common 
arterial, venous, and lymphatic diseases. More specific features 
of the vascular history and examination are discussed in the rel-
evant chapters of each vascular disease.

Vascular History
The medical history is the foundation of the physician-patient 
interaction, guiding the physical examination, testing, and treat-
ment decisions. A comprehensive medical history can identify the 
diagnosis the vast majority of the time, but an inadequate one can 
result in excess testing and inappropriate therapy.

Arterial Disease
Symptoms of arterial disease typically arise as a result of either 
arterial stenoses or occlusions, though aneurysms also may cause 
symptoms. The important historical features of arterial disease in 
selected regional circulations are reviewed first.

PERIPHERAL ARTERY DISEASE

In addition to carotid and coronary artery disease (CAD), peripheral 
artery disease (PAD) is one of the most common clinical manifesta-
tions of atherosclerosis. Approximately 50% of patients with PAD have 
symptoms, described in the following discussion as typical or atypical, 
and the remainder are asymptomatic. The importance of making the 
diagnosis of PAD, even in the absence of symptoms, derives from the 
prognostic information implicit with its diagnosis (see Chapter 16). 
Notably, patients with PAD often have coexisting coronary and cere-
brovascular atherosclerosis, and are two- to  fourfold more likely than 
patients without PAD to die of cardiovascular disease.1

Therefore, the history of patients with PAD should seek to 
determine whether the patient has known risk factors for ath-
erosclerosis, and whether or not there are concomitant clin-
ical manifestations of atherosclerosis. The historian should 
elicit information regarding dyslipidemia, diabetes mellitus, 
hypertension, family history of premature atherosclerosis, and 
cigarette smoking. Historical evidence of CAD, including prior 
myocardial infarction (MI), symptoms of angina, or prior cor-
onary revascularization procedures and history of stroke or 
symptoms of cerebrovascular ischemia, including hemiparesis, 
hemiparesthesia, aphasia, or amaurosis fugax, should be sought 
and documented.

Intermittent Claudication

A cardinal symptom of PAD is intermittent claudication (see 
Chapter 18). Claudication occurs when limb skeletal muscle isch-
emia is produced with effort because increased muscle energy 
requirements are not served by sufficient augmentation in blood 
supply. Symptoms develop intermittently with activity; the blood 
flow limitation imposed by peripheral artery stenosis typically 
does not compromise muscular function at rest. Claudication is 
variably described as aching, heaviness, burning, fatigue, cramping,  
and/or tightness in the affected limb. Symptoms occur with repro-
ducible amounts of exercise: one block of walking, one flight of 
stairs, or 5 minutes on a bicycle, for example. Discomfort may 
develop in any muscular portion of the leg—buttocks, hip, thigh, 
calf, or foot. Areas of the limb to develop discomfort are related to 
the arterial segments with stenoses. Iliac artery disease typically 
produces hip or buttock claudication, whereas femoral artery dis-
ease causes thigh or calf claudication. Arm claudication is unusual, 
but may occur in patients with innominate, subclavian, axillary, or 
brachial artery stenosis. Cessation of activity relieves the exercising 
muscle's demand-supply mismatch and enables restoration of oxi-
dative metabolism. Therefore, patients typically report that discon-
tinuation of activity relieves the discomfort after several minutes.

Atypical symptoms also occur and may include reduction of leg 
discomfort despite continued effort, gait disturbance, and slower 
walking speed.2 Atypical claudication may be more common than 
traditional symptoms because of the high frequency of other con-
ditions present in this older age group: spinal stenosis, venous insuf-
ficiency, and degenerative join disease. Patients with intermittent 
claudication often slow their walking speed by a third to regulate 
muscle use and prolong walking distance. Thus, when a physician 
solicits the history of walking impairment, patients may report no 
change in distance walked before symptoms occur, despite a pro-
gressive decline in functional ability.3

Several questionnaires for PAD have been devised and validated. 
These provide a standard to accompany the  interview when que-
rying patients about symptoms of PAD. The Rose questionnaire 
was the initial PAD-related questionnaire, but limited diagnostic 
sensitivity minimized its utility.4,5 The San Diego questionnaire is 
a modified version of the Rose Questionnaire and a more reliable 
instrument to assess intermittent claudication (see Chapter 16).6 
The disease-specific Walking Impairment Questionnaire has been 
validated and can be used to assess walking difficulty in patients 
with PAD. It has four subscales: severity of pain with walking, dis-
tance, speed, and stair climbing.7

Critical Limb Ischemia

Critical limb ischemia (CLI) occurs when limb blood flow is inad-
equate to meet the metabolic demands of the tissues at rest.8 This 
may result in persistent pain, especially in the acral portions of the 
leg (toes, ball of the foot, heel). Additional foot symptoms include 
sensitivity to cold, joint stiffness, and hypesthesia. As a conse-
quence of the effects of gravity on perfusion pressure, patients may 
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report worsening of pain with leg elevation, or even when lying in 
bed, and reduction in pain with limb dependency (e.g., when the 
feet hang over the bed onto the floor). Critical limb ischemia may 
cause tissue breakdown (ulceration) or gangrene.

Acute Limb Ischemia

Acute limb ischemia is most often due to embolism or in situ throm-
bosis (see Chapter 46).9 Other causes include arterial dissection or 
trauma. The presentation of acute arterial occlusion ranges from 
asymptomatic loss of a pulse, to worsened claudication, to sudden 
onset of severe pain at rest. Symptoms may develop suddenly over 
several hours, or over several days. Acute ischemic symptoms are 
more likely to occur when no or few collateral vessels are pres-
ent, rather than when there is a well-developed collateral network. 
Acute arterial occlusion may cause symptoms in any portion of 
the leg distal to the obstruction. The five Ps—pain, pallor, poikilo-
thermia, paresthesias, and paralysis—characterize the  historical 
features and findings of patients with acute limb ischemia. Severity 
of symptoms does not discriminate among etiologies.

Atheroembolism

Atheroembolism is embolization of atherosclerotic debris that com-
promises distal arteries (TAO) (see Chapter 47). Atheroemboli vary  
in composition, from larger fibroplatelet particles that occlude 
small arteries to cholesterol emboli, nanometers in size, that 
occlude arterioles. Causes of atheroemboli include catheterization 
and cardiovascular surgery, but approximately half of such events 
occur without a known precipitant.10

Symptoms reflect occlusion of the small distal vessels in the limb, 
and patients will commonly present with calf, foot, or toe pain and 
areas of violaceous discoloration or cyanosis in the toes (blue toe 
syndrome). Symptoms develop hours to days after the event; ulcer-
ations may develop and are slow to resolve. Symptoms may be uni-
lateral or bilateral, depending upon the origin of emboli proximal to  
or beyond the aortic bifurcation. If atheroemboli arise proximal  
to the renal arteries, renal insufficiency is a potential sequela.

Other Peripheral Artery Diseases

Uncommon diseases of the peripheral arteries should be consid-
ered in patients with claudication or evidence of ischemia, but 
whose age falls below that typically affected by atherosclerosis or 
in those with atypical symptoms. These diseases include thrombo-
angiitis obliterans (TAO) (see Chapter 44), Takayasu arteritis (see 
Chapter 42), and giant-cell arteritis (see Chapter 43), and vascu-
lar compression syndromes, such as those affecting the thoracic 
 outlet, iliac artery, and popliteal artery (see Chapter 62).

Takayasu arteritis is a large-vessel vasculitis that generally occurs 
between the ages of 20 and 40 years. Women are more likely to 
develop the disease than men. Constitutional and vascular symp-
toms occur (e.g., fevers, weight loss, fatigue, arthralgias, myalgias) and 
may be present months to years without overt evidence of vascular 
disease. About 50% of patients complain of muscle or joint pains, and 
headache has been reported in up to 40%. More than 50% of patients 
will have a diminished pulse or claudication of an upper extrem-
ity. Approximately 30% of patients will report neck pain and have a 
tender carotid artery (i.e., carotidynia). Lightheadedness is also com-
mon and may be secondary to vertebral artery involvement.

Patients with giant-cell arteritis (GCA) are typically older than 
50 years of age. Giant-cell arteritis predominantly affects the branches 
of the thoracic aorta and the intracranial arteries. Some 50% of 
patients have constitutional symptoms related to inflammation, and 
50% have coexisting polymyalgia rheumatica. The most common 
complaint is headache that typically affects the occipital or tem-
poral region; it occurs in over 60% of patients with GCA. In patients 
with headache, scalp tenderness may be present. Partial or com-
plete vision loss develops in 20% of patients, and approximately 
50% of these individuals report amaurosis fugax (i.e., transient 
episodes that involve one eye and last 10 minutes or less [see 
Chapter 43]). Patients may present with upper limb claudication, 
and 40% report jaw claudication. Tongue claudication and swal-
lowing difficulties are less common.

Thromboangiitis obliterans (Buerger's disease) is a small- to 
medium-vessel vasculitis that affects the distal vessels of the arms 
or legs, and usually occurs before 40 years of age in cigarette smok-
ers.11 It affects more men than women. The classic triad of TAO is 
claudication, Raynaud phenomenon, and superficial thrombo-
phlebitis. Claudication of the hands or feet may progress to ulcer-
ation of the fingers or toes.11

Neurovascular Compression Syndromes

Claudication in the upper extremities raises the possibility of 
thoracic outlet syndrome (see Chapter 62).12 Compression of the 
axillary or subclavian artery by a cervical rib, abnormal inser-
tion of the scalene anticus muscle, or apposition of the clavi-
cle and first rib may result in arterial compression during head 
turning, arm use above or behind the head, or arm extension. 
Weakness, burning, aching, or fatigue in the arms can result. 
Examples of triggers include wall painting, hair washing, and 
housecleaning.

Popliteal artery entrapment should be considered in a young per-
son with leg claudication but preserved pulses at rest.13 Anatomical 
variants in the course of the popliteal artery may result in its com-
pression by the gastrocnemius muscle during exercise and can 
cause symptoms of claudication.

VASOSPASTIC AND RELATED DISEASES

Raynaud phenomenon is the most common vasospastic disor-
der encountered in clinical practice14 (see Chapter 48). Patients 
typically report that the digits become pale or cyanotic during 
cold exposure. Fingers are most commonly affected, but the toes 
develop symptoms in 40% of affected individuals. Less com-
monly involved areas include the tongue, nose, and ear lobes. 
Patients may experience paresthesias or pain in the digits if 
ischemia persists. With rewarming and release of vasospasm, 
digital rubor due to reactive hyperemia may develop. A pulsat-
ing or flushed feeling may accompany the hyperemic phase. 
All color phases are not required for diagnosis. Indeed, with an 
appropriate history, the diagnosis can be made with only one 
color change.

There are two categories of Raynaud phenomenon: primary 
and secondary. Differentiating between the two is important 
because of the information it provides about cause and prognosis. 
Primary Raynaud's disease is benign, typically affects fingers (and 
toes) symmetrically, and recovery is predictable with rewarming. 
Some 70% to 80% of patients with primary Raynaud's disease are 
women. In patients with secondary Raynaud phenomenon, pallor 
may occur in only one or several digits. In severe cases, cyanosis 
is unremitting and tissue loss may occur. Raynaud phenomenon 
that has its onset after age 45 years should prompt an investiga-
tion for an underlying cause. The history should include questions 
to elicit evidence of disease or conditions that cause secondary 
Raynaud phenomenon, including connective tissue disorders, 
arterial occlusive disease, trauma (vibration, hypothenar hand 
injury), neurovascular compression syndromes, blood dyscrasias, 
and drug use.

Acrocyanosis is a vascular disorder characterized by bluish dis-
coloration of the hands and feet exacerbated by cold exposure 
(see Chapter 49). Unlike Raynaud phenomenon, the discoloration 
is not confined to the digits, and pallor does not occur. Warming, 
however, can ameliorate cyanosis and restore normal skin color. 
Acrocyanosis typically occurs in persons aged 20 to 45 years, and 
women are affected more often than men.

Pernio is a vascular inflammatory disorder in which skin lesions 
and swelling occur in fingers and toes, particularly in cold moist 
climates (see Chapter 51). Other exposed portions of the body may 
be affected. The typical lesions described by the patient are pru-
ritic and painful blisters or superficial ulcers.

The complex regional pain syndromes, reflex sympathetic dystro-
phy (RSD), and causalgia are associated with limb symptoms, often 
following a relatively minor injury. Hand or foot pain is a frequent 
complaint. This may be associated with hyperpathia, hyperesthesias, 
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coolness, cyanosis, hyperhidrosis, and swelling. Symptoms are typi-
cally out of proportion to severity of the initial injury. Patients may 
observe brittle nails that develop ridges, and report muscle, skin, 
and subcutaneous tissue wasting and limited joint mobility in the 
affected limb.

RENAL ARTERY DISEASE

No symptoms specific to renal artery stenosis are elicited by 
history. Unlike other end organs, symptoms of chronic renal 
ischemia are not localized to the kidney, but reflect systemic 
pathophysiological alterations that result from activation of the 
renin angiotensin system and disturbances of salt and water bal-
ance. Historical clues that raise suspicion of renal artery stenosis 
include onset of hypertension before age 30 or after age 55, malig-
nant hypertension, hypertension refractory to three concurrently 
prescribed antihypertensive medications, azotemia subsequent 
to administration of an angiotensin-converting enzyme (ACE) 
inhibitor or angiotensin receptor blocker, unexplained azote-
mia, recurrent congestive heart failure, and episodic pulmonary 
edema (see Chapter 23). Renal artery stenosis should be consid-
ered in patients with these clinical clues, particularly if they have 
evidence of atherosclerosis in other regional circulations (e.g., 
CAD, PAD, aortic disease).

MESENTERIC ARTERY DISEASE

Most patients with atherosclerosis of the celiac, superior mesen-
teric, or inferior mesenteric arteries are asymptomatic unless two 
or all three of these arteries are occluded. Symptoms of chronic 
mesenteric ischemia include postprandial epigastric or midab-
dominal pain that may radiate to the back (see Chapter 27). Onset 
of abdominal discomfort is 15 to 30 minutes after eating, and symp-
toms may persist for several hours. Patients tend to avoid food to 
prevent these symptoms, and weight loss ensues.

CAROTID ARTERY DISEASE

The majority of patients with significant stenoses of the common or 
internal carotid arteries are asymptomatic (see Chapter 30). When 
they do occur, symptoms may be temporary (minutes to hours) or 
fixed, indicating a transient ischemic attack (TIA) or stroke, respec-
tively. Symptoms of carotid artery disease reflect compromise of 
the neural territory subtended by its principal intracranial branch, 
the middle cerebral artery, and include contralateral hemiparesis, 
hemiparesthesia, and aphasia. Ipsilateral amaurosis fugax or blind-
ness may also occur because the ophthalmic artery is supplied by 
the internal carotid artery.

The prevalence of carotid artery disease is increased in patients 
with CAD or PAD, both of which increase the risk of stroke by two- 
to fourfold.

Venous and Lymphatic Systems
A history soliciting evidence of venous and lymphatic diseases is 
required when patients complain of leg pain or swelling, or express 
concerns regarding leg ulcers, varicose veins, or localized inflam-
mation on a limb. In patients presenting with leg edema, the his-
tory should seek to determine whether the swelling is secondary to 
venous or lymphatic diseases, trauma, arthritis, or whether it is asso-
ciated with a systemic condition such as congestive heart failure, 
cirrhosis, nephrotic syndrome, renal insufficiency, or endocrinopa-
thy (e.g., hypothyroidism, Cushing's syndrome).

DEEP VEIN THROMBOSIS

Patients with thrombosis of a deep vein of a limb may present with 
swelling or discomfort, or no symptoms at all (see Chapter 52). 
Symptoms are usually but not always unilateral. Historical que-
ries should seek potential causes of deep vein thrombosis (DVT) 
when it is suspected. Information regarding recent trauma, sur-
gery, hospitalization, prolonged period of immobility, cancer, 

thrombophilic disorder, or family history of venous thrombosis 
should be acquired. An uncommon cause of left leg DVT is May-
Thurner syndrome, in which the left iliac vein is compressed by 
the right iliac artery. In patients with arm symptoms, questions 
should seek evidence of indwelling catheters or cancer, since 
these are the most common causes of upper extremity DVT. In 
addition, a history of repetitive arm motion should be sought 
when considering the possibility of Paget-Schroetter syndrome, 
in which compression of the axillosubclavian vein by muscular, 
tendinous, or bony components of the thoracic outlet may cause 
thrombosis. Thrombosis or extrinsic compression of the superior 
vena cava may cause symptoms of superior vena cava syndrome, 
which include headache, face and neck fullness and flushing, 
and bilateral arm swelling.

SUPERFICIAL THROMBOPHLEBITIS

Thrombosis of a superficial vein is a local phenomenon that pres-
ents with pain and tenderness over the affected vein. Predisposing 
factors sought by history include intravenous catheters, varicose 
veins, injury, and malignancy. It is important to consider the pos-
sibility of malignancy, especially pancreatic, lung, and ovarian 
cancers in patients with recurrent or migratory superficial throm-
bophlebitis (i.e., Trousseau's syndrome). Uncommon disorders 
associated with superficial thrombophlebitis include TAO and 
Behçet's syndrome.

CHRONIC VENOUS INSUFFICIENCY

Venous insufficiency should be considered in patients who 
present with chronic unilateral or bilateral leg swelling. Causes 
of venous insufficiency include deep venous obstruction and 
deep venous valvular incompetence (also see Chapter 55). 
Approximately 30% of patients with DVT will ultimately develop 
chronic venous insufficiency.15 Valvular incompetence may be a 
consequence of recanalized venous thrombus or a primary val-
vular abnormality. Queries should address the duration of leg 
swelling, knowledge of prior DVT, presence of focal hyperpigmen-
tation, pain, pruritus, or ulcers. Symptoms may include a heavy, 
dull, or “bursting” sensation of the edematous leg. Patients may 
report that discomfort in the affected leg increases with depen-
dency and improves with leg elevation. Some individuals with 
severe leg swelling note that calf discomfort worsens with walk-
ing, a symptom termed venous claudication.

VARICOSE VEINS

Most patients with varicose veins do not have specific symp-
toms, but present to a physician's office with cosmetic con-
cerns. Symptoms of varicose veins include leg discomfort or 
aching, particularly with prolonged standing. These symptoms 
are most likely to occur along long segments of the greater and 
lesser saphenous veins and their tributaries. Burning or pruritus 
may develop, particularly if complicated by accompanying skin 
ulceration.

LYMPHEDEMA

Lymphedema should be considered in patients who present with 
limb swelling (see Chapter 58). This condition may affect the 
arms or legs and is usually unilateral, although it can be bilateral. 
Lymphedema should be suspected if limb swelling occurs early 
in life, particularly during childhood or adolescence. Congenital 
lymphedema typically appears at birth or shortly thereafter. 
Lymphedema praecox often presents around puberty but can 
occur anytime before age 35. Lymphedema tarda generally occurs 
after age 35. Lymphedema is also associated with genetic disor-
ders such as Turner's and Noonan's syndromes. It is important to 
elicit history of conditions that may predispose a patient to lymph-
edema, including recurrent skin infection, lymphangitis, filariasis, 
trauma, malignancy of the lymphatic system, and radiation or surgi-
cal resection of lymph nodes and lymphatic vessels as adjunctive 
therapy for cancer.
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LYMPHANGITIS

Patients with lymphangitis may report an erythematous patch or lin-
ear streak that affects the limb and tends to propagate proximally 
over time. The erythematous area may be painful and tender. These 
patients usually present with systemic signs of infection, including 
fever and shaking chills. History might determine whether lesions 
induced by trauma or infection may have served as a portal of entry.

Vascular Examination
As in any comprehensive physical examination, vital signs (blood 
pressure, heart rate, respiratory rate) should be assessed and 
recorded. Blood pressure should be measured in both arms and 
preferably in supine, seated, and upright positions. Overall appear-
ance of the patient should be noted.

The vascular examination includes inspection, palpation, and 
auscultation of vascular structures in many areas of the body. A 
systematic approach ensures a complete evaluation, so the exami-
nation described in this chapter will cover principal anatomical 
regions that are particularly relevant to the peripheral vasculature. 
The heart, lungs, and neurological and musculoskeletal systems 
should be examined, but details of these examinations are beyond 
the scope of this chapter.

Limbs
The limbs should be inspected carefully, assessing their appear-
ance, symmetry, color, and evidence of edema or muscle wasting.

PULSE EXAMINATION

The pulse examination of the arms and legs is a critical part of 
the vascular examination. Asymmetry, decreased intensity, or 
absence of pulses provide clinical evidence of PAD and indicate 
the location of stenotic lesions. Some examiners describe pulses as 
absent, diminished, or normal, or use a numerical scale (e.g., from 
0 [absent] to 2+ [normal]). Bounding pulses may be evidence  
of aortic valve insufficiency, and dilated expansive pulses a sign of 
ectasia or aneurysm.

Pulses of the arms—brachial, radial, and ulnar pulses—should 
be palpated using two or three fingertips. The brachial pulse is 
superficial and in the medial third of the antecubital fossa. The 
radial pulse, also superficial, can be found over the stylus of the 
radius near the base of the thumb (Fig. 11-1). The ulnar pulse is pal-
pated on the volar aspect of the wrist, over the head of the ulnar 
bone. Wrist support by the examiner improves pulse detection by 
decreasing overlying muscle tension.

Pulse examination of the leg (femoral, popliteal, posterior tibial, 
and dorsalis pedis pulses) should be undertaken with the patient 
supine. The femoral pulse is located deep, below the inguinal liga-
ment, about midway between the symphysis pubis and iliac spine. 
Obesity may obscure local landmarks. Lateral rotation of the leg, 
pannus retraction, and two hands may be required for adequate 
palpation. On occasion, the increase in flow velocity caused by a 
stenosis may create a thrill in the common or superficial femoral 
artery that is appreciated by palpation of the femoral pulse, or a 
bruit that can be heard with auscultation.

Palpation of the popliteal pulse can be difficult. The leg should 
be straight yet relaxed to decrease overlying muscle stiffness. The 
popliteal pulse should be palpated with three fingers from each 
hand while the thumbs are applying moderate opposing force to 
the top of the knee (Fig. 11-2). The popliteal pulse typically can be 
found at the junction of the medial and lateral thirds of the fossa. In 
contrast to superficial pulses like the radial or dorsalis pedis pulse, 
the popliteal pulse is diffuse and deep. Widened popliteal pulses 
may be indicative of popliteal artery aneurysm.

The posterior tibial pulse can be found slightly below and 
behind the medial malleolus. Counterpressure with the thumb 
and passive dorsiflexion of the foot may increase the likelihood of  

palpation (Fig. 11-3). The posterior tibial pulse should be present. Its 
absence is diagnostic for PAD. In contrast, the dorsalis pedis pulse, 
which can be appreciated just lateral to the extensor tendon on 
the dorsum of the foot, normally may be absent in 2% to 12% of 
persons.

FIGURE 11-1 Palpating radial pulse. Examiner, using three or four fingers, 
lightly palpates the superficial radial pulse over stylus of radius near base of 
thumb.

FIGURE 11-2 Palpating popliteal pulse. Popliteal pulse requires moderate 
pressure for its appreciation. Examiner uses both thumbs for moderate opposing 
force while placing digits two, three, and four in lateral third of popliteal fossa. 
Patient's leg should be relaxed while examiner induces mild flexion. A widened 
popliteal artery pulse may indicate presence of aneurysm.
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THE ALLEN TEST

The radial and ulnar arteries supply blood flow to the hand. 
Within the hand, these arteries form the superficial and deep 
 palmar arches, enabling blood supply to the digits from either 
 vessel; 5% to 10% of the population has a congenitally incom-
plete arch. Disease states associated with interruption of the 
palmar arch include connective tissue diseases like the CREST 
variant (calcinosis, Raynaud phenomenon, esophageal dysmotil-
ity, sclerodactyly, telangiectasia) of scleroderma, vasculitides like 
TAO, and thromboemboli.  The Allen test can differentiate between  
a complete and incomplete palmar arch. The examiner occludes 
both the radial and ulnar pulses (Fig. 11-4), and the patient then 
opens and closes the fist several times, creating palmar pal-
lor. Upon release of one pulse, normal skin color should return 
within seconds. The other artery is then tested and observed simi-
larly. Persistent pallor is indicative of an incomplete palmar arch 
or occluded artery distal to the remaining pulse occluded by the 
examiner.

Nearly three quarters of all patients with TAO, will have a posi-
tive Allen test, and 50% will report Raynaud phenomenon. Digital 
ischemia in these patients is more likely to progress and cause 

persistent cyanosis and lead to digital ulcers. Patients with TAO 
also may develop migratory superficial thrombophlebitis, which 
appears as painful, tender, red nodules.

THORACIC OUTLET MANEUVERS

Thoracic outlet syndrome results from compression of the neu-
rovascular bundle as it leaves the thoracic cavity. Each compo-
nent of the bundle may be affected, including the brachial plexus, 
 subclavian/axillary artery, and subclavian/axillary vein.

Thoracic outlet maneuvers seek to elicit positional inter-
ruption of arterial flow. During the examination, the physi-
cian holds the radial pulse in one hand and maneuvers the 
arm with the other. The subclavian artery is auscultated in the 
supraclavicular fossa. An abnormal thoracic outlet maneu-
ver is characterized by development of a subclavian bruit 
followed by loss of the radial pulse. Several thoracic outlet 
maneuvers have been described, and each may be relevant 
to compression at different sites in the thoracic outlet. Each 
side is examined in sequence. The Adson maneuver assesses 
the segment of the subclavian artery in the scalene triangle. 
The patient rotates his/her head toward the symptomatic 
side, extends the neck (i.e., looking up and over the shoul-
der), and simultaneously performs an exaggerated inspira-
tion. The costoclavicular maneuver assesses the segment of 
the subclavian artery coursing between the clavicle and first 
rib. The patient thrusts the shoulders back and inferiorly. The 
hyperabduction maneuver evaluates the subclavian artery as it 
courses near the insertion of the pectoralis major muscle. The 
patient is seated and the head is  looking forward. The arm is 
abducted 180 degrees to a position along the side of the head. 
Abduction of the arm to 90 degrees may be combined with 
external rotation in evaluating symptoms suggestive of tho-
racic outlet syndrome (Fig. 11-5). This maneuver is often used 
to assess subclavian venous or arterial compression during 
ultrasonography or angiography.

For patients in whom clinical suspicion for thoracic outlet syn-
drome is present, sensitivity and specificity for these provoca-
tive tests are 72% and 53%, respectively.16 Routine application of 
these maneuvers is not warranted, however, since up to 50% of 
the population may have a positive finding. Indeed, in one study 
of 64 randomly selected subjects, application of these maneuvers 
in a nonspecific manner overdiagnosed the syndrome more than 
threefold.17 Patients with carpal tunnel syndrome present a par-
ticularly difficult group for these maneuvers and generate a false- 
positive rate of nearly 50%.18

FIGURE 11-3 Palpating posterior tibial pulse. Posterior tibial pulse resides 
slightly below and behind medial malleolus. It should be approached from the 
lateral aspect, with digits applied to lower curvature of malleolus. Passive foot 
dorsiflexion may enhance appreciation of pulse.

A B

FIGURE 11-4 Allen test. The Allen test determines presence or absence of a complete palmar arch. Both radial and ulnar pulses are occluded while patient 
opens and closes hand to create palmar pallor. Once pallor is evident, examiner releases one pulse. In this example, patient presented with persistent fifth digit and 
hypothenar cyanosis. A, Release of radial artery pulse results in expected hyperemia and palmar erythema. B, In contrast, release of ulnar artery pulse does not result 
in palmar erythema, indicating proximal occlusion in ulnar segment of palmar arch. This test is considered a positive Allen test.
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LIMB ISCHEMIA

Skin color and temperature can provide information about sever-
ity of limb arterial perfusion. The feet, hands, fingers and toes 
should be examined for temperature and skin color, and the nails 
for evidence of fragility and pitting. Limb temperature can best be 
appreciated using the back of the examiner's hand. Temperature 
changes of adjacent segments on the ipsilateral limb and compar-
isons with the contralateral limb can be made. Presence of foot 
pallor while the leg is horizontal is indicative of poor perfusion 
and may be a sign of ischemia. Foot pallor may be precipitated in 
patients with PAD (who do not have CLI) by elevating the patient's 
leg to 60 degrees for 1 minute. Repetitive dorsiflexion and plantar 
flexion of the foot may also precipitate pallor on the sole of the 
foot when PAD is present. To qualitatively assess collateral blood 
flow, the leg is then lowered as the patient moves to the seated posi-
tion. This is done to elicit rubor, indicative of reactive hyperemia, 
and determine pedal vein refill time. The time to development of 
dependent rubor is indicative of the severity of PAD. Severe PAD 
and poor collateral blood flow may prolong reactive hyperemia by 
more than 30 seconds. Normally, pedal venous refill occurs in less 
than 15 seconds. Moderate PAD subserved by collateral vessels is 
suspected if venous refill is 30 to 45 seconds; severe disease with 
poor collateral development is likely when venous filling time is 
longer than 1 minute.

ULCERS

Ischemia arising from arterial occlusive disease or emboli may 
cause formation of ischemic ulcers (see Chapter 60). They tend 
to be small, annular, pale, and desiccated (Fig. 11-6) and are usu-
ally located in distal areas of the limbs (e.g., toes, heels, fingertips). 
Ischemic ulcers vary in size but may be as small as 3 mm in diam-
eter. Arterial ischemic ulcers are tender. Neurotrophic ulcers that 
develop in patients with diabetes typically occur at sites of trauma, 
such as areas of callus formation, bony prominence, or parts of the 
foot exposed to mild chronic trauma caused by ill-fitting shoes. 
Ischemic ulcers also develop in diabetic patients with PAD and 
may have features of neuropathic ulcers. Without proper treatment, 
ulceration may progress to tissue necrosis and gangrene. Gangrene 
can be characterized as an area of dead tissue that blackens, mum-
mifies, and sloughs.

DIGITAL VASOSPASM

It is unusual for patients with Raynaud phenomenon to present 
to the physician's office during an attack in which the fingers are 
blanched. Moreover, it is difficult to precipitate digital ischemia in 
these patients, even with local cold exposure, such as placing the 
hands in ice water. Digital ischemia may be apparent in patients with 
fixed obstructive lesions of the digital arteries. Persistent digital isch-
emia may occur in patients with connective tissue disorders such 
as scleroderma or systemic lupus erythematosus, atheroemboli, TAO,  
or atherosclerosis. The fingers and toes are cool and appear cyanotic 
or pale. Fissures, pits, ulcerations, or necrosis or gangrene may be  
evident on the ischemic digits (see Fig. 11-6).

LIVEDO RETICULARIS

Livedo reticularis can be described as a lacelike or netlike pattern 
in the skin (Fig. 11-7). The “laces” may vary in color from red to blue 
and surround a central area of clearing. Cold exposure exacer-
bates the changes in hue. Both primary and secondary forms may 
occur and may be complicated by ulceration. The primary benign 
form is more common in women. The secondary forms are usually 
associated with vasculitis, atheroemboli, hyperviscosity syndromes, 
endocrine abnormalities, and infections. In the secondary forms 
of livedo reticularis, lesions may be more diffuse and ominous. 
Purpuric lesions and cutaneous nodules that progress to ulcer-
ation in response to cold may develop.

EDEMA

The limbs should be evaluated for edema. The most common loca-
tion is in the legs, adjacent to the malleoli and over the tibia. With 
deep digital palpation, development of a divot or finger impression 
is indicative of pitting edema. Edema can be graded in each leg or 
arm as absent, mild, moderate, or severe or on a numerical scale of 
4, with 0 being the absence of edema. Unilateral edema may be evi-
dence of DVT, chronic venous insufficiency, or lymphedema.

The most common physical findings of DVT include unilateral 
leg swelling, warmth, and erythema. The affected vein may be ten-
der. A common femoral vein cord is detected by palpating along 
its course just below the inguinal ligament vein, and a femoral 
vein cord would be appreciated along the anteromedial aspect of 
the thigh. In the absence of obvious edema, a subtle clue may be 
 unilateral absence of contours of the thigh, calf, or ankle. Muscular 
groups subtended by the thrombosed vein may be edematous due 
to poor venous drainage, conferring a boggy feeling to the affected 
calf or thigh muscles. Inflammation associated with a thrombosis 
may make the leg feel warm.

FIGURE 11-6 Digital ulceration. Pernio is associated with persistent 
sensation of cold, with pain in the toes. Painful blue nodules are noted in 
association with a discrete ulcer.

FIGURE 11-5 Elevated Arm Stress Test (EAST) may be used to evaluate 
subclavian artery as it courses near insertion of pectoralis major muscle. 
Patient initially sits looking forward while arms are abducted 90 degrees, elbows 
are abducted 90 degrees, and patient repeatedly makes a clenched fist. During 
maneuver, radial pulse should be palpated while subclavian artery is auscultated. 
Loss of pulse or development of subclavian artery bruit is a positive study.
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Homans sign is nonspecific and misses the diagnosis as com-
monly as it makes it. In John Homans's essay on lower extremity 
venous thrombosis, he states, “The clinical signs of a deep throm-
bosis of the muscles of the calf are entirely lacking when the indi-
vidual lies or even reclines in bed. It is possible there may be a little 
discomfort upon forced dorsiflexion of the foot (tightening of the 
posterior muscles) but it is not yet clear whether or not this is a sign 
upon which to depend.”19

Presence of thrombus just below the skin makes the diagnosis of 
superficial thrombophlebitis relatively easy. The patient may pres-
ent with local venous engorgement, a palpable cord, warmth, ery-
thema, or tenderness.

CHRONIC VENOUS INSUFFICIENCY

With chronic venous insufficiency, the physical examination may 
demonstrate fibrosis, tenderness, excoriation, and skin induration from 
hyperkeratosis, cellulitis, and ulceration (Fig. 11-8). Chronic venous 
edema may impart hemosiderin deposition in the skin and confer 
a brawny appearance, typically in the pretibial calf. The severity of 
chronic venous disease may be classified using the CEAP (clinical signs,  
etiology,  anatomy,  pathophysiology) classification20 (Table 11-1).

In contrast to arterial ulcers, which are circumscribed and pallid, 
venous ulcers are large with irregular borders, erythematous, and 
moist, giving the skin a shiny appearance. They are usually located 
near the medial or lateral malleolus. Venous ulcers may be pain-
less, but many are associated with pain.21,22

VARICOSE VEINS

Varicose veins are dilated, serpentine, superficial veins. If they cluster, 
they may feel and appear like a bunch of grapes (Fig. 11-9). Varicose 
veins should be inspected and palpated. Areas of erythema, ten-
derness, or induration may identify superficial thrombophlebitis. 
Varicose veins are most prominent with leg dependence (e.g., with 
standing). Once filled, the veins may be balloted, and a fluid wave 
may be detected. Venous telangiectasias, also known as spider veins, 

are commonly confused with varicose veins. Spider veins are typi-
cally small, cutaneous veins in a caput medusa pattern.

Superficial venous varicosities may be primary or result from 
deep venous thrombosis or insufficiency. An examiner can distin-
guish between superficial venous insufficiency and deep venous 
insufficiency at the bedside using the Brodie-Trendelenburg test. 
With the patient lying supine, the leg is elevated to 45 degrees and 
a tourniquet applied after the veins have drained. The patient then 
stands. The veins below the tourniquet should fill slowly. If venous 
refill distal to the site of tourniquet application occurs in less than 
30 seconds, this is evidence of an incompetent deep and perfora-
tor system. Slower refills suggest a competent deep and perforator 
system. The varicose veins are examined upon tourniquet release. 
Superficial venous insufficiency will be confirmed with rapid ret-
rograde superficial venous filling.

The Perthes test can differentiate between deep venous insuf-
ficiency and a deep venous obstruction as the cause of vari-
cose veins. The patient is asked to stand, and once the superficial 
veins are engorged, a tourniquet is applied around the mid-thigh. 
The patient then walks for 5 minutes. If the varicose veins col-
lapse below the level of the tourniquet, the perforator veins are 

FIGURE 11-7 Livedo reticularis. Note lacelike pattern of superficial skin 
vessels surrounding a clear area.

FIGURE 11-8 Skin changes of chronic venous insufficiency. Chronic 
venous insufficiency and edema result in deposition of hemosiderin, causing 
darkening and toughening of skin and giving calf a brawny appearance. Note 
small superficial venous ulcers mid-calf above shin.

CLASS CLINICAL SIGNS 

0 No visible or palpable signs of venous disease

1 Telangiectasis or reticular veins

2 Varicose veins

3 Edema

4 Skin changes ascribed to venous disease (e.g., pigmentation, 
venous eczema, lipodermatosclerosis)

5 Skin changes as defined above, with healed ulceration

6 Skin changes as defined above, with active ulceration

TABLE 11-1 CEAP Clinical Classification

CEAP, clinical signs, etiology, anatomy, pathophysiology.
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 presumed competent and the deep veins patent. If the superficial 
veins remain engorged, either the superficial and/or communicat-
ing veins are incompetent. If the varicose veins increase in promi-
nence, and walking causes leg pain, the deep veins are occluded.

LYMPHEDEMA

During the initial stages of lymphedema, leg swelling will be sim-
ilar to venous insufficiency: soft and pitting. Extension of edema 
into the foot to the origin of the toes may help differentiate lymph-
edema from venous edema (Fig. 11-10). In addition, the inability to 

pinch skin on the toes, the Stemmer sign, also may differentiate early 
lymphedema from venous edema. Subsequently, the limb becomes 
wooden as progressive deposition of protein-rich fluid causes indu-
ration and fibrosis of affected tissues. Lymphedema increases pro-
duction of subcutaneous and adipose tissue, thickening the skin. 
Advanced disease may be identified when the leg feels wooden, 
edema is no longer pitting, and the limb is enlarged; the skin may 
appear verrucous at the toes. Palpation for lymphadenopathy should 
be performed when considering secondary causes of lymphedema.

LYMPHANGITIS

Lymphangitis can usually be visualized as a red streak that extends 
proximally from an inciting lesion. If left untreated, the entire 
limb may become edematous, erythematous, and warm, without 
evidence of venous congestion or impairment of arterial flow. 
Commonly, the regional lymph nodes are indurated.

Neck Examination
The neck is inspected for any areas of swelling or asymmetry. 
Jugular venous pressure is assessed to investigate the possibility 
of a volume overloaded state or congestive heart failure. Patients 
typically are placed at 45 degrees and the height of jugular venous 
pressure estimated. If necessary, the angle of head elevation should 
be adjusted to see the top of the jugular venous column.

The carotid arteries are palpated between the trachea and 
the sternocleidomastoid muscles. In older patients especially, the 
carotid body may be sensitive, and carotid pulses may induce bra-
dycardia and hypotension. Pulses should be symmetrical with a 
rapid upstroke. Pulse asymmetry may indicate a proximal carotid 
or brachiocephalic stenosis. Parvus and tardus pulses (decreased 
amplitude and a delayed slow upstroke) may indicate aortic valve 
stenosis or proximal occlusive disease. Stenosis of the carotid bifur-
cation or internal carotid artery usually does not affect carotid 
pulse contour or amplitude. Occasionally, severe stenosis will cre-
ate a thrill that can be appreciated by palpation.

The carotid pulses are auscultated to elicit evidence of bruits. 
Bruits are caused by blood flow turbulence as a result of arterial 
stenosis, extrinsic compression, aneurysmal dilation, or arterio-
venous connection. The bell of the stethoscope is recommended 
to appreciate low-frequency bruits and eliminate any adventi-
tious sounds heard through the diaphragm. The entire cervical 
portion of each carotid artery should be auscultated, including 
the segment near the angle of the jaw where the carotid bifurca-
tion is often located (Fig. 11-11). Auscultation of the subclavian 
arteries for bruits is performed in the supraclavicular fossa and 
between the lateral aspect of the clavicle and pectoralis mus-
cle. Although the proximal location of a bruit defines the area 

FIGURE 11-10 Lymphedema. Extension of edema into foot to level of toe is 
a useful physical sign to differentiate between venous edema and lymphedema. 
Foot swelling ending abruptly at toes is called squared toe sign.

FIGURE 11-11 Auscultation of carotid artery. To appreciate low-tone 
bruits, examiner should use stethoscope bell and apply mild to moderate 
pressure. Entire length of artery should be examined, with particular attention 
paid to region just below jaw, at approximation of carotid artery bifurcation.

FIGURE 11-9 Varicose veins. Severe bilateral varicose veins with extension 
into both feet.
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of turbulent flow, a bruit may be appreciated for an additional 
several centimeters. The sensitivity and specificity of a carotid 
bruit for the presence of stenosis ranges from 50% to 79% and 
61% to 91%.23 The pitch of bruits increases with worsening sever-
ity. Continuation of the bruit into diastole is another marker of 
severity and implies advanced stenosis. Paradoxically, severe 
stenosis causing subtotal arterial occlusion may not evoke an 
audible bruit.

Abdominal Vascular Examination
Vascular examination of the abdomen is performed as the patient 
lies supine on the examining table, with legs outstretched. From 
this position, the abdominal wall should be relaxed and not rigid. 
Prior to palpation, the abdomen should be inspected. Engorged 
superficial veins in the abdomen indicate the possibility of inferior 
vena cava obstruction. After inspection, all four quadrants are aus-
cultated with the stethoscope. The presence of bruits is indicative 
of aortic or branch vessel occlusive disease. Bruits may arise as a 
result of mesenteric, renal, or aortic disease. Following auscultation, 
the abdomen is palpated for masses and to detect an aortic aneu-
rysm. Deepest palpation can generally be obtained by gradually 
increasing pressure in the midline using both hands (Fig. 11-12). In 
asthenic patients, the aorta can be palpated. In subjects with a waist 
size greater than 40 inches, the likelihood of palpating an aneurysm 
is quite limited.

Presence of an aneurysm can be determined when there is a dis-
tinct and expansive pulsatile configuration to the aorta. An aneu-
rysm should be sized by determining the lateral borders with both 
hands, and the space estimated with a measuring tape. Tenderness 
during the abdominal vascular examination is unusual and may 
suggest aneurysmal expansion, an inflammatory aneurysm, or a 
contained rupture. Nonaortic pathology, including appendicitis,  
cholecystitis, diverticulitis, and peritonitis, are more common 
causes of tenderness.
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FIGURE 11-12 Abdominal palpation for aneurysm. Examiner, using 
progressively increasing force, palpates until aorta can be defined between both 
sets of fingers. Examiner should appreciate lateral pulsation with every heart 
beat. Aneurysm sizing is performed by estimating distance between closest 
fingers of each hand.
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C H A P T E R  12     Vascular Laboratory Testing
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Vascular laboratory technology offers many cost-effective appli-
cations in the practice of vascular medicine.1 Vascular testing 
includes both physiological testing and duplex ultrasonography. 
Physiological testing includes segmental pressure measurements, 
pulse volume recordings, continuous wave Doppler, and plethys-
mography. These tests employ sphygmomanometric cuffs, Doppler 
instruments, and plethysmographic recording devices. Duplex 
ultrasonography combines gray-scale and Doppler imaging with 
spectral and color Doppler and is used for the majority of vascu-
lar laboratory tests. An ultrasound machine should be equipped 
with vascular software and two transducers/probes, 5- to 12-MHz 
transducers for the neck and extremities, and 2.25- to 3.5-MHz 
 transducers for the abdomen.

Limb Pressure Measurement and Pulse 
Volume Recordings
Limb segmental systolic blood pressure measurements and 
pulse volume recordings are used to confirm a clinical diag-
nosis of peripheral artery disease (PAD) and further define the 
level and extent of the obstruction. Segmental pressures are 
typically measured in conjunction with segmental limb pleth-
ysmography (pulse volume recordings). These techniques are 
used predominantly in the lower extremities, but are also appli-
cable to the arms. Both procedures are performed using sphyg-
momanometric cuffs appropriately sized to the diameter of the 
limb segment under study. The patient rests in the supine posi-
tion for at least 10 minutes prior to measuring limb pressures. 
Commercially available machines with automatic cuff infla-
tion are able to digitally store the pressures and waveforms. A 
continuous-wave (CW) Doppler  instrument with a 4- to 8-MHz 
transducer frequency is used to detect the  arterial flow signal. 
The cuff is quickly inflated to a suprasystolic pressure and then 
slowly deflated until a flow signal occurs. The cuff pressure at 
which the flow signal is detected is the systolic pressure in the 
arterial segment beneath the cuff. For example, if the cuff is on 
the high thigh and the sensor is over the posterior tibial artery 
at the ankle, the measured pressure is reflective of the proximal 
superficial and deep femoral arteries (DFAs) beneath the cuff, as 
well as any collateral arteries, and not the posterior tibial artery. 
The Doppler flow signal from an artery at the ankle is typically 
used for all limb measurements. It is more accurate, although 
less convenient, to place the Doppler transducer probe close to 
the cuff being inflated.

Sphygmomanometric cuffs are positioned on each arm above 
the antecubital fossa, on the upper portion of each thigh (high 
thigh), on the lower portions of the thighs above the patella (low 
thigh), on the calves below the tibial tubercle, and on the ankles 
above the malleoli. Typically, foot pressures are measured by 
insonating the posterior tibial and anterior tibial arteries at the 
ankle level. Both arm pressures at the brachial artery are deter-
mined. A difference of greater than 20 mmHg between the arm 
pressures indicates the presence of stenosis on the side of the 
lower pressure. Pressure measurements are made at the high thigh, 
low thigh, calf, and ankle levels with a tibial or dorsalis pedis sig-
nal selected as the flow indicator. A second method uses one long, 
contoured thigh cuff rather than two separate thigh cuffs. The 
lower-extremity pressure evaluation should begin at the ankle level 
and proceed proximally. Patients who are found to have a normal 
pressure measurement at rest may require a treadmill exercise test 
to detect PAD. If disease distal to the ankle is suspected, pedal or 
digital artery obstruction can be evaluated with cuffs sized appro-
priately for the toes.

Segmental Doppler Pressure Interpretation
Segmental limb pressures are compared with the highest arm 
 pressure. Ankle pressures are used to calculate the ankle-brachial 
indices (ABI) for each extremity. This is accomplished by dividing 
each of the ankle pressures by the higher of the brachial artery 
pressures.2 A normal ABI is between 1.0 and 1.4, whereas an ABI 
above 0.9 to 1.0 is borderline abnormal.3 Studies that evaluated the 
ABI in healthy subjects and patients with PAD confirmed by arte-
riography found that an ABI of 0.9 or lower was diagnostic of PAD 
with 79% to 95% specificity and 96% to 100% sensitivity.4 Pressures 
are compared between levels. A 20-mmHg or greater reduction in 
pressures from one level to the next is considered significant and 
indicates stenosis between those two levels. In healthy subjects, 
the high thigh pressure determined by cuff typically exceeds the 
brachial artery pressure by approximately 30 mmHg. A thigh/bra-
chial index above 1 is interpreted as normal, and an index of 1 or 
less indicates stenosis proximal to the thigh (Fig. 12-1). When high 
thigh pressures are low compared with arm pressure, the site of 
obstruction could be in the aorta or ipsilateral iliac artery, common 
femoral artery (CFA), or proximal superficial femoral artery (SFA)  
(see Fig. 12-1). If only one high thigh pressure is less than the bra-
chial pressure, an ipsilateral iliofemoral artery stenosis is inferred.

In the presence of severe vascular calcification, systolic pressures 
cannot be determined because the vessels are noncompressible. 
An index of 1.4 or greater suggests vascular calcification artifact 
and makes interpretation of the pressure measurement unreliable. 
Presence or absence of a significant pressure gradient cannot be 
determined in the presence of vascular calcification artifact. In 
this setting, the toe brachial index (TBI) is a useful measurement. 
Toe brachial index is the ratio of the systolic pressure in the toe to 
the brachial artery systolic pressure. This should be performed in a 
warm room; cold-induced vasospasm may lower the digital pres-
sure. To perform the procedure, a cuff is placed on a toe. Typically, the 
great toe is used. The pulse waveform is obtained by photoplethys-
mography or Doppler. The cuff is inflated to suprasystolic pressure 
and then deflated. Systolic pressure is determined as the pressure at 
which the waveform reappears. A normal value for TBI is 0.70.

Pulse Volume Recording Interpretation
The same cuffs used to measure segmental pressures may be 
attached to a plethysmographic instrument and used to record 
the change in volume of a limb segment with each pulse, des-
ignated the pulse volume. Pulse volume waveform evaluation 
allows assessment of arterial flow in regions of calcified vessels 
because the test does not rely on cuff occlusion of the calcified 
artery.5 Each cuff is inflated in sequence to a predetermined refer-
ence pressure up to 65 mmHg. The change in volume in the limb 
segment causes a corresponding change in pressure in the cuff 
throughout the cardiac cycle. Interpretation of the pulse volume 
recording (PVR) requires calibration of the amount of air in the 
cuff.

A pulse volume waveform is recorded for each limb segment. 
Pulse volume recording analysis is based on evaluation of wave-
form shape, signal, and amplitude (Fig. 12-2). The configuration of 
the normal pulse volume waveform resembles the arterial pres-
sure waveform, and is composed of a sharp systolic upstroke fol-
lowed by a downstroke that contains a prominent dicrotic notch. A 
hemodynamically significant stenosis manifests as a change in the 
PVR contour toward a tardus parvus waveform. Both the slope and 
amplitude decrease when there is more severe disease. Severity of 
PAD can be defined by the slope of the upstroke and amplitude of 
the pulse volume (see Fig. 12-2).
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Pulse waveforms can also be obtained using photoplethysmog-
raphy, recording reflected infrared light. In photoplethysmogra-
phy, the signal is proportional to the quantity of red blood cells in 
the cutaneous circulation; it does not measure volume changes. 
Waveform shape is assessed in a similar fashion in pulse volume 
and photoplethysmography recordings. Low photoplethysmo-
graphic waveforms in the toes identify increased risk of amputa-
tion, in addition to the toe pressure.5

Exercise Testing for Peripheral Artery Disease
Exercise testing is an adjunctive physiological test to evaluate 
PAD. It is useful to assess functional capacity and determine the 
 distance patients with claudication are able to walk. Moreover, 
it can be used to clarify whether leg symptoms are related to 
PAD. This is relevant in patients with symptoms that are atypical 
for claudication and in those who have a history of intermittent 
claudication, yet normal ABIs at rest.6 Relative contraindications 
to treadmill exercise testing for PAD include rest pain in the leg,  

shortness of breath with minimal exertion, or unstable angina. The 
test cannot be  performed if the patient cannot walk on a treadmill.

Patients are instructed to fast for 12 hours prior to walking on the 
treadmill. The constant-load treadmill test is performed at a speed 
of 2 mph and an incline of 12%. Graded exercise protocols increase 
the grade and/or speed in 2- to 3-minute stages. The Gardner proto-
col is the most commonly used graded protocol to evaluate walk-
ing exercise capacity.7 It begins at a speed of 2 mph and an incline 
of 0%, and the grade progressively increases by 2% every 2 minutes, 
allowing for a wider range of responses to be measured. It is often 
used to determine clinical trial end points such as change in walk-
ing time in response to therapy. Other graded exercise protocols, 
such as the Bruce protocol, are not commonly used because the 
rapid rate of speed and incline limits assessment of exercise capac-
ity in claudicants.

The treadmill exercise test is terminated when the patient cannot 
continue owing to leg claudication or chest pain, or is limited by 
other symptoms such as shortness of breath or fatigue. The patient 
then immediately lies down on the stretcher. Ankle  pressures are 

PVR 66 mmHg 747cc RIGHT High Thigh
Gain: .75 mmHg/20mm Spd: 25 Amp: 16

PVR 67 mmHg 557cc LEFT High Thigh
Gain: .75 mmHg/20mm Spd: 25 Amp: 25

Segmental pressure
and PVR study

Brachial
Right

Right Left

165
Left
162

1.08 178 129 0.78

1.06 175 116 0.70

0.83 137 115 0.70

0.85 141 111DP 0.67

0.85

ABI: 0.85 ABI: 0.67

140 100PT 0.61

PVR 66 mmHg 506cc LEFT Above Knee
Gain: .75 mmHg/20mm Spd: 25 Amp: 27

PVR 63 mmHg 237cc LEFT Below Knee
Gain: .75 mmHg/20mm Spd: 25 Amp: 30

PVR 65 mmHg 165cc LEFT Ankle
Gain: .75 mmHg/20mm Spd: 25 Amp: 23

PVR 54 mmHg 56cc LEFT Metatarsal
Gain: .75 mmHg/20mm Spd: 25 Amp: 13

PVR 68 mmHg 832cc RIGHT Above Knee
Gain: .75 mmHg/20mm Spd: 25 Amp: 15

PVR 64 mmHg 256cc RIGHT Below Knee
Gain: .75 mmHg/20mm Spd: 25 Amp: 40

PVR 65 mmHg 179cc RIGHT Ankle
Gain: .75 mmHg/20mm Spd: 25 Amp: 35

PVR 56 mmHg 61cc RIGHT Metatarsal
Gain: .75 mmHg/20mm Spd: 25 Amp: 13

FIGURE 12-1 Segmental pressure measurements and pulse volume recording (PVR). Right leg has a pressure drop between low thigh and calf consistent with 
superficial femoral/popliteal artery stenosis. Left leg has a pressure drop at level of high thigh consistent with iliofemoral artery stenosis. ABI, ankle-brachial index. 
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obtained starting with the symptomatic leg, followed by the high-
est brachial pressure. Pressures are repeated approximately every 
1 to 2 minutes until they return to baseline. Data recorded from 
the exercise test should include ankle pressures, length of time the 
patient was able to walk, time required for pressures to return to 
baseline, nature and location of the patient's symptoms, and rea-
son for discontinuing the test. A decrease in ABI of more than 
20% immediately following exercise is diagnostic for PAD. The 
time before ankle pressure returns to normal is increased in more 
severe disease (e.g., from 1 minute in mild disease to 10 minutes in 
more severe disease).

Transcutaneous Oximetry
By exploiting variations in color absorbance of oxygenated and 
deoxygenated hemoglobin (Hb), transcutaneous oximetry can 
determine the state of blood oxygenation. Oximeters use two light 
frequencies, red at 600 to 750 nm and infrared at 800 to 1050 nm, 
to differentiate oxygenated and deoxygenated Hb. Deoxygenated 
blood absorbs more red light, whereas oxygenated blood absorbs 
more infrared light. Oximeters typically employ both an emitter 
and receiver. Red and infrared light is emitted and passes through 
a relatively translucent structure such as the finger or earlobe. 
A photodetector determines the ratio of red and infrared light 
received to derive blood oxygenation. When measured continu-
ously, oxygenation peaks with each heartbeat as fresh oxygen-
ated blood arrives in the zone of measurement. Normal values 
for oxygen tension are from 50 to 75 mmHg. One probe is placed 
on the chest as a control to ensure that oxygen tension is from 
50 to 75 mmHg. A second probe is placed on the limb in the area 
of interest. Measurements are obtained from the probe, which is 
sequentially positioned from proximal to distal segments of the 
limb. Normal limb Tco2 should approximate that of the chest. 
Transcutaneous oximetry is most often used to determine the  

level of amputation. A value above 20 mmHg can predict healing 
at the site with 80% accuracy.7 This measurement is not affected by 
 arterial calcification.

Physical Principles of Ultrasonography
Ultrasound Image Creation
An ultrasound transducer, or probe, emits sound waves in discrete 
bundles or pulses into the tissue of interest. On encountering a 
tissue, a portion of the waves is reflected back to the transducer. 
The fraction of returning waves depends on density and size of 
the tissue examined. The depth of tissue is determined by the 
time required for pulse emission and return. Thus, by integrating 
the number of returning pulses and the time required for return, 
a B-mode, or  gray-scale image may be created. The time for wave 
reflection decreases with higher ultrasound probe frequencies. 
Transducer probes with higher frequencies image superficial 
 tissues better than probes with lower frequencies, but lose depth 
imaging because of attenuation of the returning emitted pulses.

Improvements in technology have permitted band-width widen-
ing of vascular transducers, facilitating analysis of harmonics of the 
fundamental frequency. A harmonic represents a whole-number 
multiple of the emitted frequency. Because the tissue compresses 
and expands in response to the application of ultrasound, the fun-
damental wave may become distorted, impairing image  quality. 
The distortion, however, also creates harmonics of the  original 
frequency that can be detected by the transducer. By detecting 
only the fundamental frequency and its harmonics, artifact such 
as speckle and reverberation may be reduced to create a clearer 
image.

Detection of Blood Flow
Normal blood flow is laminar in a straight segment of an artery. 
If thought of as a telescopic series of flow rings, blood moves for-
ward most rapidly in the middle ring, and velocity decreases in the 
outer rings as blood comes closer to the vessel wall. The cardiac 
cycle, defined by its pulsatile nature of flow, causes a continual 
variation in blood flow velocity, highest with systole and lowest 
with diastole. The concentric or laminar flow of blood may be dis-
turbed at a normal branching point or with abnormal vessel con-
tours, such as those caused by atherosclerotic plaque. Disturbed 
or turbulent flow causes a much greater loss of pressure than 
 laminar flow.

Determining flow velocity is a mainstay of vascular ultraso-
nography. Abnormalities in the vessel wall cause changes in flow 
 velocity and permit detection and assessment of stenotic regions 
within the vessel. Flow in a normal vessel is proportional to the 
difference of pressure between the proximal and distal end of the 
vessel. The prime determinant or limitation of flow is the radius 
of the vessel because volume of blood flow is determined by the 
fourth power of the radius. For example, a 50% reduction in vessel 
radius causes a greater than 90% reduction in blood flow. Thus, 
blood flow  represents an example of Poiseuille's law, which deter-
mines flow of a viscous fluid through a tube. Specifically,

where Q denotes volume of flow, DP is pressure at inflow minus the 
pressure at outflow, r is the radius, h is viscosity, and L is tube length. 
Because blood viscosity, blood vessel length, and pressure remain 
relatively stable, the most important determinant of blood flow is 
vessel lumen size.

Vascular ultrasonography can depict flow velocity by taking 
advantage of Doppler shift frequencies. Frequency will shift either 
positively or negatively, depending on direction of blood flow. 
Variables that determine the size of the shift include the speed 
of sound, speed of the moving object, and angle between the 

π × ∆ ×
=
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FIGURE 12-2 Pulse volume recording (PVR). Normal waveform has a sharp 
upstroke, dicrotic notch, and a period of diastasis. Mildly abnormal waveform 
has a delay in upstroke and a straightened downslope (blue line). Moderately 
abnormal waveform has a delay in upstroke (blue line), flat systolic peak, and 
diminished amplitude. Severely abnormal waveform has a flat systolic peak and 
very diminished amplitude.
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 transmitted beam and moving object. Christoph Doppler described 
this relationship using the following equation:

where Fd is the Doppler frequency shift, Ft is the Doppler  frequency 
transmitted from the probe, V is the velocity of flow, cos is the 
cosine, q is the angle between the beam and direction of the moving 
object, and c is the velocity of sound.

Artifact
Although a highly reliable imaging modality, ultrasound does suf-
fer from occasional image artifact.8 Dense objects like vessel-wall 
calcium deposits permit few sound waves to penetrate, resulting 
in acoustic shadowing and diminishing imaging of deeper tissues. 
Tissue imaging enhancement may be noted on the far side of echo-
free or liquid-filled zones. Tissue interfaces may generate multiple 
sound wave reflections, causing “additions” to the tissue termed 
reverberation artifact. Refraction of the sound pulse may cause 
improper placement of a structure of an image and  shadowing at 
the edge of a large structure. Highly reflective surfaces may cre-
ate mirror images because the reflecting tissue alters the timing of 
the returning sound wave. The mirror image should be equidistant 
from the reflecting surface or tissue.

Gray-Scale (B Mode) Imaging
Ultrasound images are generated using a pulse echo system. The 
position of the tissue interface is determined by the time between 
pulse generation and returning echo. Each returning echo is 
 displayed as a gray dot on a video screen using a brightness mode 
(B mode) in which the brightness of the dot depends on the 
strength of the reflected wave. A two-dimensional (2D) image is 
created by sequentially transmitting waves in multiple directions 
within a single plane and combining the reflected echoes into a 
single display. The image can be refreshed rapidly, permitting real-
time display of the gray-scale image. The surface of interest should 
be perpendicular to the ultrasound beam to obtain the brightest 
echo with B-mode imaging. This is readily achieved in vascular 
 imaging because the neck, extremity, and visceral vessels gener-
ally lie  parallel to the surface of the transducer. Higher-frequency 
probes are used to image vessels close to the surface, and lower-
frequency probes are used to image deeper vessels. Details of the 
 vessel wall can be seen more clearly with the use of harmonics. The 
wide band width of transducers allows analysis of returning har-
monics (whole-number multiples) of the fundamental frequency.

Spectral Doppler Waveform Analysis
Velocity recordings are obtained with an angle of 60 degrees 
between the Doppler insonation beam and the flow. In ultrasound 
practice, the optimal angle of measurement between the beam 
and blood flow is 60 degrees. Although maximal shift is detected 
at 0 degrees, this angle cannot be reliably obtained in vascular 
imaging because the vessels are parallel to the surface of the body. 
Insonation angles below and above 60 degrees influence the mea-
surement such that small reductions in the insonation angle may 
alter velocity by 10%, whereas small increases in insonation angle 
may change flow velocity by 25% (Fig. 12-3). Thus, the sample- 
volume cursor is placed parallel to the inner wall, and a Doppler9,10 
angle from 30 to 60 degrees between the wall and the insonation 
beam (or flow jet) is used. A normal peripheral artery Doppler 
waveform consists of a narrow, sharply defined tracing. This indi-
cates that all blood cells are moving at an equivalent speed at 
any time in the cardiac cycle.11 Waveforms are also characterized 
as high resistance due to limited flow during diastole (e.g., nor-
mal peripheral arterial Doppler velocity waveform), or low resis-
tance with continuous flow during diastole, as when downstream 
resistance arterioles are widely dilated or there is contiguity with 

low-resistance circuits (e.g., normal internal carotid artery [ICA] 
velocity waveform) (Fig. 12-4). The normal high resistance wave-
form is typically triphasic. The first component is caused by ini-
tial high-velocity forward flow during ventricular systole. A range 
of normal peak systolic velocity (PSV) measurements have been 
defined12 for each arterial segment, described later in this chapter.

The second phase of the waveform consists of early diastolic flow 
reversal as left ventricular (LV) pressure falls below aortic pressure 
prior to aortic valve closure.13 The final or third component is a small 
amount of forward flow when there is elastic recoil of vessel walls. 
Flow is typically not uniform or laminar at bifurcations and sites of 
stenosis; at these sites flow becomes turbulent. For these locations, 
the spectral Doppler waveform reflects the fact that blood cells 
move with varying velocities. Instead of a narrow well-defined trac-
ing (see Fig. 12-4), spectral broadening becomes  evident (Fig. 12-5), 
with partial or complete filling-in of the area under the spectral 
waveform. This third, or late, diastolic  component is usually absent 
in atherosclerotic vessels that have lost  compliance or elasticity.

Color Doppler
Color Doppler is the phase or frequency shift information con-
tained in the returning echoes and processed in real time to form 
a velocity map over the entire imaging field.14 Doppler frequency-
shift data are available for every point imaged. This information 
is then superimposed on the gray-scale image to provide a com-
posite real-time display of both anatomy and flow. When motion 
is detected, it is assigned a color, typically red or blue, determined 
by whether the frequency shift is toward or away from the probe. 
Color assignment is arbitrary and can be altered by the user, but 
most choose to assign the color red to arteries and blue to veins. 
With increasing Doppler frequency shifts, the hue and intensity of 
the color display change, with progressive desaturation of the color 
and a shift toward white at the highest detectable velocities.

θ ÷=d tF (2 F ·V·cos ) c

90°
No frequency shift

V=(Fd·c)/2Ft cos θ)

50% of maximal shift60°

30°

0°�

FIGURE 12-3 Doppler angle is the angle between insonation beam and 
sample cursor aligned with flow. Dashed lines represent different insonation 
beams. Solid arrow represents direction of flow and position of Doppler sample 
cursor. Velocity is determined using the Doppler equation, with the cosine 
(cos) in the denominator. The cos θ degrees = 1, cos 30 degrees = 0.86, cos 
60 degrees = 0.5, and cos 90 degrees = 0. c, velocity of sound; F

d
, Doppler 

frequency shift; F
t
, transmitted Doppler frequency; V, velocity.

High resistance

Low resistance

FIGURE 12-4 High- and low-resistance waveforms. These two waveforms 
are distinguished by the absence (high resistance) and presence (low resistance) 
of flow during diastole.
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The pulse repetition frequency (velocity) scale determines the 
degree of color saturation and filling of the vessel lumen. The pulse 
repetition frequency (radio frequency pulses per second from the 
probe) is adjusted so that in a normal vessel, laminar flow appears 
as a homogeneous color. The color appearance changes through-
out the cardiac cycle. Increasing flow velocity and turbulence in the 
region of a stenosis results in production of a high-velocity jet and 
an abrupt change in color-flow pattern (Fig. 12-6). Color  aliasing 
occurs at the site of stenosis when flow velocity exceeds the Nyquist 
limit (i.e., when Doppler frequency shift exceeds half the pulse rep-
etition frequency). Aliasing causes the color display to appear as 
if there is an abrupt reversal in direction of flow (wraparound). 
This suggests a high-velocity flow jet, requiring  confirmation by 
 pulsed-wave Doppler analysis. Color persistence is a continuous 
flow signal that is the color of the forward direction only, in con-
trast to the alternating color in normal arteries. There is loss of early  

diastolic flow reversal. Color persistence corresponds to the mono-
phasic spectral Doppler waveform and is indicative of severe ste-
nosis. Post-stenotic regions display mosaic patterns  indicating 
turbulent flow (see Fig. 12-6). A color bruit in the surrounding soft 
tissue also indicates flow disturbance. This color artifact is associ-
ated with turbulence and occurs with flow disturbances associated 
with high-velocity jets. The color bruit is particularly useful in locat-
ing postcatheterization arteriovenous fistulae (AVF).

Assessment of Arterial Stenosis
Characteristic duplex ultrasound features of a stenosis include 
elevated systolic velocity, elevated end-diastolic velocity (EDV), 
color aliasing, color bruit, spectral broadening of the Doppler 
waveform, post-stenotic flow, and post-stenotic turbulence. An 
auditory “thump” occurs in the presence of total arterial  occlusion. 
Doppler velocity measurements are the main tools used to eval-
uate stenosis severity. When flow rate is constant, a decrease in 
 vessel  cross-sectional area is balanced by an increase in  velocity.13 
As blood flow  turbulence increases, spectral broadening of the 
Doppler waveform becomes a clear indicator of turbulent flow 
seen in the post-stenotic region. The post-stenotic waveform is 
dampened with a delayed upstroke (see Fig. 12-3). If no post-ste-
notic turbulence can be identified, inappropriate angle alignment 
or a tortuous vessel should be suspected.

Power (or amplitude) Doppler is a complementary imaging 
technique that displays the total strength or amplitude of the 
returning Doppler signal.15 In comparison with conventional color-
flow imaging, color-flow sensitivity is increased by a factor of 3 to 
5 times with power Doppler. This enhanced dynamic range can 
depict very slow flow in the area of a subtotal occlusion that may 
not be detected by conventional color-flow Doppler. Contrast 
agents can also help differentiate between occlusion and high-
grade stenosis in carotid and renal arteries, especially in cases 
where multiple renal arteries are present.16

Carotid Duplex Ultrasound
The standard carotid duplex examination includes assessment of 
the carotid arteries as well as the vertebral, subclavian, and brachio-
cephalic arteries. Indications for this test include a bruit, transient 
ischemic attack (TIA), amaurosis fugax, stroke, and surveillance 
after revascularization.17 The examination begins with a gray-scale 
survey of the extracranial carotid arteries in transverse and longitu-
dinal views. The operator images the region from the clavicle to the 
angle of the jaw, in both anterolateral and posterolateral views.18 
The common carotid artery (CCA) is typically medial to the inter-
nal jugular vein, and the bifurcation is often located near the cri-
coid cartilage. The ICA is usually posterolateral, with a diameter at 
its origin greater than that of the anteromedially located external 
carotid artery (ECA).

Carotid artery stenosis can be focal, and flow patterns can nor-
malize within a short distance. Therefore, the pulse-wave sam-
ple volume should be methodically advanced along the length 
of the vessel; color Doppler may be used for guidance in delin-
eating areas of abnormal flow requiring change in position of 
the sample volume (Fig. 12-7). Representative velocity measure-
ments should be recorded from the proximal, mid- and distal 
CCA. The CCA spectral waveform is a combination of the ECA 
and ICA waveforms, with greater diastolic flow than the ECA but 
less than the ICA. Atherosclerosis, when present, is usually most 
evident at the ICA origin, whereas fibromuscular dysplasia may 
be more evident distally. Using spectral Doppler, the sample vol-
ume is advanced throughout the entire ICA. At a minimum, PSV 
and EDV from the proximal,   mid-, and distal ICA segments should 
be recorded. The vertebral artery is then located posterior to the 
carotid artery. The vertebral artery and vein lie between the spi-
nous processes. The vertebral artery is followed as far cephalad 
as possible, sampling the spectral Doppler in the accessible por-
tions of the vertebral artery.

RT ICA MID

FIGURE 12-5 Post-stenotic waveform has a delay in upstroke, diminished 
amplitude, and marked turbulence. RT ICA MID denotes midportion of right 
internal carotid artery.

A

B

FIGURE 12-6 Aliasing at the site of arterial stenosis. There is an abrupt 
change from low-velocity laminar flow (A) to high-velocity flow with aliasing (B) 
as velocity exceeds Nyquist limits. An echolucent (dark) plaque is evident at site 
of stenosis within superficial femoral artery (SFA) stent.



153

CH 
12

VA
SC

U
LA

R LA
BO

R
ATO

RY
 T

EST
IN

G

Distinguishing between the ICA and ECA is critical to the exami-
nation (Fig. 12-8). The ECA is usually smaller, more anteromedial, 
and has less diastolic flow than the ICA. The ECA will also have 
branches in the cervical region, whereas the ICA will not. Direct 
comparison of the waveforms from the two vessels is critical. 
A velocity waveform obtained from the proximal vessel or the 
site of maximal velocity should be obtained while intermittently 
 tapping on the preauricular branch of the temporal artery. The 
intermittent tapping is reflected clearly in the diastolic portion of 
the ECA waveform, but not in the ICA waveform (Fig. 12-9).

Interpretation of the spectral waveforms is based on 
parameters such as PSV, EDV, shape, and extent of spectral 
broadening19 (Fig. 12-10). A number of criteria have been 
proposed, each having their own strengths and weaknesses 
(Table 12-1). Peak systolic velocity criteria for ICA stenosis  
have identified a cut point of 230 cm/sec as the threshold for 
detecting greater than 70% stenosis, and 125 cm/sec as the cut 
point for identifying greater than 50% stenosis. Criteria that 
include EDV use a cut point of greater than 140 cm/sec to identify 
greater than 80% stenosis. The ratio of peak ICA  systolic  velocity 
to mid-CCA velocity may be particularly  useful in  determining 
the presence of stenosis in the hemodynamic  setting of low 
 cardiac output or critical aortic stenosis. At a minimum, velocity 
criteria must distinguish less than 50% stenosis, 50% to 69% steno-
sis, and greater than 70% stenosis. Selection of  criteria for use in 
an  individual  laboratory requires review of the  published param-
eters and selection of those appropriate to laboratory  practice. 
Individual vascular laboratories must validate the results of their 
own criteria for stenosis against a suitable standard such as 
arteriography.

CCA

ICA

ECA

RT ECA

RT ICA PROX

LT bifurcation

FIGURE 12-7 Gray-scale image of right and left carotid bifurcation. 
Internal carotid artery (ICA) in each is slightly wider at the origin than external 
carotid artery (ECA). Red arrow indicates plaque in proximal right ICA. A branch is 
evident arising from left ECA. In the absence of identified branches, waveforms 
are necessary to distinguish the ICA from the ECA. CCA, common carotid artery.

FIGURE 12-8 Color Doppler of internal carotid artery (ICA). Color Doppler 
is added to gray-scale picture of right ICA seen in Figure 12-7. Color aliasing 
identifies an area of high velocity adjacent to the plaque. This guides placement 
of spectral Doppler sample volume, identified by parallel white lines.

FIGURE 12-9 Spectral waveforms of internal and external carotid arteries 
(ICA, ECA) during intermittent tapping of ipsilateral temporal artery. A, No 
clear “tapping” pattern, and therefore likely ICA. B, High peak systolic velocity 
(PSV) of 400 cm/sec. Tapping (asterisk) clearly identified in diastolic component of 
waveform identifies the artery as ECA and indicates that the high PSV represents 
ECA stenosis. C, Typical ECA waveform is high resistance with low PSV and 
obvious tapping pattern of temporal artery during diastole.
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Waveform analysis depends on evaluation of acceleration, dia-
stolic flow, direction of flow, and comparison to the contralateral 
vessel. If the ICA is totally occluded, there will be absent or severely 
diminished diastolic flow in the ipsilateral CCA (Fig. 12-11). A delay 
in the upstroke suggests more proximal stenosis. For  example, 
severe stenosis of the brachiocephalic artery will result in damp-
ened right CCA waveforms. A step-up in systolic velocity in the 
cervical portion of the CCA indicates stenosis, with doubling indi-
cating at least 50% stenosis and tripling indicating at least 75% 
stenosis.

Waveform evaluation is particularly valuable in the vertebral 
artery because the segments within the bone cannot be directly 
evaluated with ultrasound. Specific velocity criteria have not 
been developed for vertebral artery stenosis. Velocities greater 
than 125 cm/sec and dampened waveforms are two indicators 
of vertebral artery stenosis. Absent flow in the vertebral artery 
is  confirmed when flow is detected in the vertebral vein, but not 
in the vertebral artery. Retrograde flow in the vertebral artery is 
referred to as  subclavian steal (i.e., the subclavian circulation is 
stealing from the cerebral circulation). Reverse flow is confirmed 

by comparing the direction of vertebral artery flow with that of the 
carotid artery (Fig.12-12). Reverse flow typically will have a dimin-
ished diastolic component because flow is into the high-resistance 
bed of the  subclavian artery (Fig. 12-13). If flow is cephalad but 
notching is evident in the systolic portion of the wave, subclavian 
steal can be elicited by reexamining flow after arm exercise or fol-
lowing deflation of a blood pressure cuff that had been inflated 
to suprasystolic pressures on the ipsilateral arm. These maneuvers 
will increase demand in the subclavian bed, and vertebral flow will 
completely reverse in the setting of subclavian stenosis proximal to 
the  vertebral origin. The vast majority of these patients with subcla-
vian stenosis are asymptomatic.

The subclavian artery is evaluated as close to the origin as possi-
ble. The probe is placed longitudinally above the clavicle and angled 
to obtain a scanning plane below the clavicle. Color Doppler sur-
veillance is used to detect nonlaminar flow. The Doppler  spectrum 
is obtained throughout the vessel.20 Doubling of PSV is consistent 
with 50% or greater stenosis.

Plaque and Arterial Wall Characterization
Gray-scale imaging is used to evaluate carotid plaque and arte-
rial wall characteristics. Atherosclerotic plaque is evident on 
ultrasound examination as material that thickens the intima and 

FIGURE 12-10 Internal carotid artery 
(ICA) stenosis. Pulsed-wave sample 
volume is placed at the site of aliasing. 
There is marked spectral broadening. 
Waveform resembles that in Figure 12-9C.

FIGURE 12-11 Absent diastolic flow in common carotid artery (CCA) 
suggesting presence of total occlusion of the ipsilateral internal carotid 
artery (ICA).

 
STENOSIS

 
ICA PSV

LUMEN 
PLAQUE

ICA/CCA 
PSV

 
ICA EDV*

0 <125 0 <2 <40

1-49 <125 + <2 <40

50-69 >125 + 2-4 40-100

>70 >230 + >4 >100

subtotal VAR. +++ VAR. >0

total 0 +++ 0 0

TABLE 12-1 Criteria for Internal Carotid Artery Stenosis

+, presence of plaque; CCA, common carotid artery; EDV, end-diastolic volume; ICA, internal 
carotid artery; PSV, peak systolic velocity; VAR, variable.
*From Grant EG, Benson CB, Moneta GL, et al: Carotid artery stenosis: gray-scale and Doppler US 
diagnosis—Society of Radiologists in Ultrasound Consensus Conference. Radiology 229:340, 2003.19

This table summarizes multiple criteria including PSV alone, PSV and EDV, and ICA/CCA 
ratio.
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protrudes into the arterial lumen. Plaque surface and echo charac-
teristics can be determined and described. Ulceration refers to an 
excavation within the plaque containing flow. Echolucent plaque 
is characterized as plaque that is less echogenic than surrounding 
muscle (Fig. 12-14) and is often first detected by the presence of 
abnormal color flow (Fig. 12-15). The volume of plaque is appreci-
ated best in the transverse view and with three-dimensional (3D) 
reconstruction.

Another potential technique to characterize plaque content 
and activity is contrast-enhanced ultrasound to detect ulceration 
and inflammation. Activated leukocytes attached to the inflamed 
vessel wall may bind the shells of lipid microbubbles, which are 
detectable by ultrasound.21 Contrast also can be used to define 
the wall/lumen interface (Fig. 12-16A). Plaque thickness can be 
severely overestimated or underestimated in the longitudinal 
image, and is best evaluated in transverse images.

Ultrasound can also evaluate findings such as edema 
(Fig. 12-16B) and dissection of the carotid wall (Fig. 12-16C). 
Dissection can originate in the ICA or extend from the arch into 
the CCA. A flap separates the true and false lumen. The flap may 
be apparent on gray-scale imaging but generally requires color 
or contrast for  elucidation. A flutter is occasionally identified in 
the downslope of the waveform on the affected side. Evaluation 

should  identify both the proximal and distal extent of dissection, 
and flow  velocities in the true lumen.

Carotid Intima Media Thickness
Carotid ultrasonography has traditionally been used to evalu-
ate the presence of obstructive atherosclerosis in the setting of 
symptomatic cerebrovascular disease or asymptomatic carotid 
bruit. More recently, carotid ultrasonography has been performed 
in epidemiological studies to detect nonobstructive plaque and 
intima media thickness (IMT).22 Intima media thickness refers to 
the distance from the intima lumen interface to the media adven-
titia border. Protocols have measured ICA, CCA, ICA plus CCA, and 
carotid bulb IMT. Yield and reproducibility appear to be greatest 
for the far-wall CCA IMT measurement. Intima media thickness 
measurement is most commonly made from longitudinal images, 
with the assistance of semiautomated edge-detection software 
(Fig. 12-17). There is variability in this measurement from systole 
to diastole, and by age and gender. A single threshold value for 
abnormal IMT has not been determined. Ideally, threshold values 
derived from large population-based studies should be used in 
evaluation of IMT. Both plaque and IMT correlate with cardiovas-
cular morbidity and mortality.22 Indeed, the presence of carotid 
plaque resulting in 50% stenosis is included in the Adult Treatment 
Panel III guidelines as a coronary heart  disease equivalent.

LT VERT

LT CCA MID

FIGURE 12-12 Color Doppler of common carotid artery (CCA) and 
vertebral arteries (VERT), demonstrating flow in two different directions, 
antegrade carotid artery flow and retrograde vertebral artery flow.

FIGURE 12-13 A, Spectral waveform of normal antegrade vertebral flow 
with low-resistance waveform. B, Reversed retrograde vertebral flow with high-
resistance waveform.

Left Prox ICA

AB

FIGURE 12-14 Gray-scale image of atherosclerotic plaque. Echolucent 
plaque is indicated (arrow A) adjacent to more echobright plaque (arrow B) in 
gray-scale image of this internal carotid artery (ICA).

FIGURE 12-15 Duplex imaging of atherosclerotic plaque. Echolucent 
plaque is now clearly evident with addition of color Doppler.
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Abdominal Aorta Evaluation
Abdominal ultrasound is used to diagnose and follow abdominal 
aortic aneurysms. An ultrasound machine with a low-frequency 
transducer (e.g., 2.5 MHz) is used to determine aneurysm size, 
shape, location (infrarenal or suprarenal), and distance from other 
arterial segments. The patient is required to fast prior to the study 
because bowel gas will obscure imaging. Aortic ultrasound scan-
ning begins with the patient supine and the transducer placed 
in a subxiphoid position. The aorta is located slightly left of mid-
line. The abdominal aorta from the diaphragm to the bifurcation 
is evaluated using three sonographic views: the sagittal plane 
(anteroposterior [AP] diameter), transverse plane (AP diameter 
and transverse diameters), and coronal plane (longitudinal and 
transverse diameters). Diameter is measured from outer wall to 
outer wall. If overlying bowel gas obstructs the aorta from view, 
patients are instructed to lie in the decubitus position, and the 
aorta is  visualized via the coronal plane through either flank.23 
As the transducer is moved caudally, the celiac trunk will be 
 evident branching into the common hepatic and splenic arter-
ies (Fig. 12-18). The superior mesenteric artery (SMA) originates 
approximately 1 cm distal to the celiac trunk (Fig. 12-19). Next, 
the right renal artery may be seen emerging from the aorta and 
traveling under the inferior vena cava. The left renal vein then 
crosses over the aorta, and the left renal artery will be seen pos-
terior to the vein. The inferior mesenteric artery (IMA) is the final 
branch arising from the aorta before it bifurcates into the iliac 
vessels. Spectral Doppler evaluation of the celiac and mesenteric 
vessels will demonstrate low-resistance waveforms following a 
meal and high resistance waveforms in the normal fasting patient 
(Fig. 12-20). In contrast, evaluation of the normal renal  arteries 
always  demonstrates  low-resistance waveforms.

ICA

RT ICA PROX

ECA

LT bifurcationA B C

a

b

FIGURE 12-16 Arterial wall characteristics. A, Contrast is used to identify lumen/wall interface. Wall thickening is evident between intima lumen interface (a) 
and media adventitia interface (b). B, Power Doppler is used to identify lumen/wall interface. Thickened echolucent wall suggests presence of arteritis. C, Dissection 
of internal carotid artery (ICA) with flow evident in both true and false lumen.

I

M

FIGURE 12-17 Intima media thickness (IMT). I indicates intima lumen 
border, and M indicates media adventitia border. Distance between intima 
lumen border and media adventitia border is determined with automated 
edge-detection program that averages thickness of wall over region, identified 
by blue lines laid over these borders.

HEP A

Celiac trunk
Splenic A

FIGURE 12-18 Transverse gray-scale image of splenic and hepatic arteries 
arising from celiac trunk. Celiac trunk is first branch from abdominal aorta.

SMA

Aorta

FIGURE 12-19 Longitudinal gray-scale image of aorta. Superior mesen-
teric artery (SMA) is second branch of abdominal aorta and is seen running 
parallel to aorta in this longitudinal image of abdominal aorta.



157

CH 
12

VA
SC

U
LA

R LA
BO

R
ATO

RY
 T

EST
IN

G

An abdominal aortic aneurysm is defined as an aortic diam-
eter of at least 1.5 times the adjacent normal segment, or a distal 
aorta diameter of greater than 3.0 cm (Fig.12-21). Normal abdomi-
nal  aortic diameters range from 1.4 to 3.0 cm.24 The shape of the 
abdominal aortic aneurysm is described as saccular, fusiform, or 

cylindrical. The majority of abdominal aortic aneurysms are fusi-
form in shape, located below the renal arteries, and involve one or 
both of the iliac arteries. Atherosclerotic plaque, mural thrombus, 
and dissection can be detected in the wall of the aneurysm.25

Ultrasound evaluation is also performed after endograft repair of 
abdominal aortic aneurysm. Flow within the graft is evaluated with 
longitudinal and transverse imaging. Endoleak is diagnosed when 
there is flow outside the graft but within the aneurysm. Dissection, 
pseudoaneurysm, and thrombus within the graft are other potential 
complications26 that can be detected using ultrasound evaluation.

Renal Artery Duplex Ultrasonography
Atherosclerotic renal artery stenosis is recognized as a cause of 
hypertension and may contribute to decline in renal function (see 
Chapter 22). Duplex ultrasound of the renal arteries includes spec-
tral Doppler evaluations of the aorta, the renal arteries and renal 
parenchyma, and B-mode determination of kidney size (also see 
Chapter 41). Abdominal obesity and bowel gas are barriers to ade-
quate renal artery duplex examination.

A longitudinal view of the aorta is obtained with the patient 
in the supine position. The origins of the celiac artery and 
SMA are seen on the anterior aspect of the aorta cephalad to 
the renal arteries. Peak systolic velocity in the aorta is then 
recorded using a 60-degree Doppler angle. The probe is turned 

A

B

FIGURE 12-20 A, Fasting spectral waveform in superior mesenteric artery (SMA). B, Postprandial spectral waveform in celiac trunk.

FIGURE 12-21 Gray-scale image from an abdominal aortic aneurysm 
screening examination. This transverse image of abdominal aorta has a 
maximum diameter of more than 5.6 cm, indicating aneurysm.
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transverse to localize the renal arteries. The Doppler cursor 
is “walked” from the aorta into the ostium of the renal artery 
(Fig. 12-22). The right renal artery is generally seen most easily. 
It is followed from the origin to the hilum of the kidney. The left 
lateral decubitus position can also be used for examination of 
the right renal artery. The left renal artery is best evaluated in 
the right lateral decubitus position using a posterolateral trans-
ducer position. Ideally, the renal arteries are evaluated from two 
views to ensure that stenosis is not missed. Kidney length is 
measured from pole to pole with the patient in the decubitus 
position.

Color and spectral Doppler are obtained throughout the 
course of each renal artery. A low-velocity range and a low wall 
filter setting are used in spectral Doppler evaluations of the seg-
mental renal arteries and hilar flow. The renal artery normally 
has a low-resistance waveform.27 A 60% or more renal artery ste-
nosis is characterized by a renal-to-aortic PSV ratio of greater 
than 3.5, combined with a PSV within the stenosis of greater 
than 200 cm/sec. Elevated EDV 150 cm/sec or more suggests 
80% or greater stenosis (Fig. 12-23). The same criteria are used 
in native and stented renal arteries.28 Low  systolic flow, post-ste-
notic turbulence, and a color mosaic appearance indicate sub-
total occlusion of the renal artery. Low  parenchymal Doppler 
velocities support the diagnosis of an occluded renal artery in 
those cases where no flow can be detected in the renal artery. 
In addition, the ipsilateral kidney is often small, less than 9 cm 
in length. Overall sensitivity of duplex ultrasonography for renal 
artery stenosis is 98%, and specificity is 98% compared with 
arteriography.29

Measurement of the resistive index (RI) is used to evalu-
ate renal parenchymal disease. Spectral Doppler waveforms 
are obtained from at least three regions of each kidney. The  
RI is calculated using the formula: RI = [1 − (Vmin ÷ Vmax)] × 100, 
where Vmin denotes end-diastolic velocity, and Vmax denotes 
peak  systolic velocity. In severe renal artery stenosis where 
there is significant renal parenchymal disease, the EDV is often 
low. An RI above 0.80 suggests significant parenchymal renal 
disease30 and may have implications regarding the outcome 
of therapy. Similarly, the PSV and EDV can be used to monitor 
renal transplants.31

Peripheral Arterial Ultrasonography
Ultrasound of the lower extremities is used to diagnose PAD in the 
setting of claudication, limb pain, or ulcers.12 It is also indicated 
following lower-extremity revascularization and in planning ther-
apy for known PAD. The goal of the examination is to elucidate 
the location and severity of limb arterial stenoses.32 The study is 
tailored to individual requirements and can be limited to a given 
arterial segment, extended to evaluate both lower extremities in 
their entirety, or to evaluate the upper extremity.

Color Doppler is used initially to detect normal or abnormal 
flow states throughout the arterial segments or bypass grafts 
being evaluated.33 Laminar flow is visible in the absence of dis-
ease (Fig. 12-24A), whereas turbulence and aliasing are present 
at the sites of disease. When an abnormal flow pattern is detected 
by color Doppler, pulsed (spectral) Doppler sampling is used to 
characterize the degree of stenosis. The pulse Doppler signal is 
acquired throughout the arterial segments. Peak systolic velocity 
determination and waveform analyses are the primary parame-
ters used to quantify and localize disease. Peak systolic velocity 
measurements are obtained at the level of the lesion and from 
vascular segments proximal and distal to the lesion. Aneurysmal 
dilation is another etiology for abnormal color flow. Velocities will 
decrease as diameter doubles at the site of the aneurysm. The iliac, 
superficial femoral, and popliteal arteries are all sites of aneurysm 
(Fig. 12-25).

Peripheral arterial stenosis is categorized by pulsed-wave 
Doppler examination as percentage reduction of luminal 
diameter that is mild (0%-19%), moderate (20%-49%), or severe 
(≥50%).12 With mild stenosis, there is some spectral broaden-
ing and a slight increase in PSV. With moderate stenosis, there is 
increased spectral broadening and a rise in PSV less than double 
that of the proximally sampled segment. Pulsed Doppler interro-
gation at the level of a severe stenosis reveals marked spectral 
broadening and a monophasic waveform. The waveform loses 
its normal diastolic reverse flow component, and flow is forward 
throughout the cardiac cycle. Also, the PSV is more than dou-
ble the velocity measured in the proximal segment. An occlu-
sion is present when flow is absent within an arterial segment. 
If there are no collateral vessels, high-resistance waveforms are 
present in the artery proximal to the occlusion. Antegrade dia-
stolic flow is present in the proximal artery if there are collateral 
vessels. The reconstituted distal artery will have the characteris-
tic post-stenotic tardus et parvus waveform. This Doppler wave-
form is particularly important to recognize because it signifies a 
 proximal high-grade lesion.

Duplex ultrasound examination is accurate for diagnosing PAD. 
The comparison of duplex ultrasound evaluation with arteriogra-
phy to detect significant stenoses in patients with symptomatic aor-
toiliac and femoropopliteal disease reveals high sensitivity (82%) 
and specificity (92%) for identifying significant stenoses.33 Ratios 
of PSV between the stenosis and the proximal artery are preferred 
over absolute PSV measurements for classification of peripheral 
arterial stenosis because a wide range of absolute PSV measure-
ments is obtained in normal and abnormal patients. There is a 
stronger correlation between PSV ratio and degree of stenosis than 
between absolute PSV and degree of stenosis. Peak systolic veloc-
ity ratios of 2 and 7 correspond to stenoses of 50% or more and 90% 
or more, respectively. There are conflicting data regarding precision 
of duplex ultrasound examination in determining stenosis severity 
when serial stenoses are present.

Extremity Arterial Ultrasound Following 
Revascularization
Ultrasound evaluation following endovascular procedures is per-
formed to detect recurrence of stenoses at sites of intervention. The 
concept is similar to that for graft surveillance (i.e., early detec-
tion of lesions assists in identifying the need for  reintervention 

R renal artery

Aorta

FIGURE 12-22 Doppler image of origin of right renal artery. Turbulent 
flow is evident in the renal artery origin, suggesting presence of atherosclerotic 
plaque and possibility of stenosis.
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to  maintain arterial patency).33,34 Duplex ultrasonography is per-
formed following the intervention, prior to discharge; 1, 3, and 
6 months postintervention; then yearly. The color Doppler and 
pulsed-wave Doppler evaluations focus on the vessel proximal to 
the site of intervention, at the site of intervention, and distal to the 
site of intervention. Waveform analysis is used to categorize steno-
sis in a manner similar to that used in native vessels.35 A doubling 
of PSV is consistent with hemodynamically significant stenosis 
(see Fig. 12-24B). Increases in velocity measurements and change 
in waveform shape from triphasic to monophasic on serial exami-
nations suggest developing stenosis and warrant  close-interval fol-
low-up and consideration for revision.

Graft surveillance is extremely useful in efforts to preserve 
patency of peripheral arterial bypass grafts.36 Graft failure in the 
first month is usually caused by technical factors. Between 1 month 
and 2 years postoperatively, it is often due to intimal hyperpla-
sia. Graft failure after 2 years is likely the result of progression of 
 atherosclerotic disease. The 5-year primary patency rate for an 
infrainguinal vein bypass graft ranges from 60% to 85%. Surgical 
revision of these stenoses identified with ultrasound surveillance 
improves the 5-year patency rate to 82% to 93%. By contrast, seg-
mental pressure measurements have not proved useful to predict 
bypass graft thrombosis. To detect graft abnormalities before frank 
graft failure, standard graft surveillance protocols recommend 
duplex  ultrasound evaluation at 1, 3, and 6 months during the first 
postoperative year, and 12 months thereafter.37

Location and type of graft are identified before performing ultra-
sound examination. Scanning techniques in the supine patient 

are similar to native arterial examinations. Color Doppler is used 
initially to scan the entire graft. Color pulse repetition frequency 
is adjusted so focal stenoses or AVF appear as regions of aliasing, 
persistence, or bruit color flash artifact. Based on color Doppler 
findings, pulsed Doppler interrogation is used to determine the 
PSV. Sampling is done routinely at the proximal native artery, prox-
imal anastomosis, throughout the graft, distal anastomosis, distal 
native vessel, and throughout sites of flow disturbance. These mea-
surements are used also for serial comparison during subsequent 
examinations.

Pulsed Doppler is used to determine PSV ratios within the graft, 
similar to its use in the native arterial examination (Fig. 12-26). A 
segment distal (rather than proximal) to the lesion may be cho-
sen for the ratio when there is a diameter mismatch in the graft 
or there are tandem lesions proximal to the flow disturbance. 
Doubling of the velocity ratio indicates a significant graft stenosis 
(>50% diameter reduction) with a sensitivity of 95% and speci-
ficity of 100%. Vein graft lesions also have been classified using 
PSV: (1) a minimal  stenosis (<20%) has PSV ratio up to 1.4 with 
a PSV of less than 125 cm/sec; (2) a moderate stenosis (20%-50%) 
has a PSV ratio of 1.5 to 2.4 with a PSV up to 180 cm/sec; (3) a 
severe stenosis (50%-75%) has a PSV ratio of 2.5 to 4 with a PSV 
of more than 180 cm/sec; and (4) a high-grade stenosis (>75%) 
has a PSV ratio greater than 4 with a PSV greater than 300 cm/sec. 
Intervention is recommended for lesions categorized as severe 
or high grade.38 Detection of low-flow velocities within the graft 
with pulsed Doppler suggests either proximal or distal stenosis. 
Low velocity flow can also be caused by large graft diameter or 

FIGURE 12-23 Color Doppler demonstrates right renal artery originating from aorta, with right renal vein (blue) running parallel. Elevated systolic and 
diastolic velocities in spectral Doppler are consistent with renal artery stenosis.
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poor arterial inflow. Nonetheless, velocities within a functioning 
graft that are less than 45 cm/sec indicate that subsequent graft 
failure is likely to occur. Other worrisome findings are a significant 
decrease or increase in PSV on serial examination.

Pseudoaneurysm
A pseudoaneurysm is a contained arterial rupture. A hole through 
all layers of the arterial wall results in extravasation of blood, which 
is then enclosed by surrounding soft tissues.39 Any patient who has 
undergone an arterial puncture for arteriography and experiences 
sudden pain at the access site, or is found to have pulsatile mass or 
a bruit on auscultation over the access site, should be evaluated 
for the presence of pseudoaneurysm.

Ultrasound evaluation is performed in the region of the punc-
ture. Spectral waveforms are obtained in the native artery proximal 
and distal to the site of puncture, and in the femoral vein proxi-
mal and distal to the site of puncture. Color Doppler evaluation 
should focus on detecting an extravascular collection of flowing 
blood, most commonly anterior to the native artery (Fig. 12-27A-B).  
Posterior extravasation is less common. The neck is the connec-
tion between the native artery and the pseudoaneurysm sac. The 
neck is identified by a “to-and-fro” pattern of the Doppler waveform 
that is pathognomonic for pseudoaneurysm (Fig. 12-27C). This 
waveform results from systolic flow out of the native artery into the 
contained rupture, and diastolic flow back into the native artery. In 
addition to the to-and-fro signal in the neck, the segment of native 
artery proximal to the origin of the pseudoaneurysm may have a 
lower-resistance waveform when compared with that found in the 
artery distal to the pseudoaneurysm.

There are several options for treatment of pseudoaneurysms, 
including observation, surgical repair, manual compression, ultra-
sound-guided compression, or thrombin injection.40 Ultrasound-
guided compression is performed with visualization of the 
pseudoaneurysm neck while compressing until flow is absent in 
the neck. Pressure is applied for 20 minutes and may have to be 
maintained for much longer before thrombosis of the pseudoa-
neurysm sac is achieved. Reported success rate of compression 
varies from 60% to 80%. Ultrasound-guided thrombin injection 
is best suited for those pseudoaneurysms with a long, narrow 

LT SFA MID Thigh

A

B

LT PROX / MID Stent

FIGURE 12-24 Duplex ultrasound of a superficial femoral artery (SFA) stent. 
A, Laminar flow is evident in longitudinal image of proximal stent. B, Color 
aliasing and elevated velocity are present at site of stenosis within distal SFA stent.

A

B

1.1 cm
2.5 cm

FIGURE 12-25 A, Transverse gray-scale image of right common iliac 
artery (CIA) aneurysm with dissection. Arrow indicates dissection flap.  
B, Longitudinal gray-scale image of right CIA aneurysm. Aneurysm is defined 
by a 1.5× or greater increase in arterial diameter compared with proximal 
segment. Thrombus develops in these aneurysms and can result in occlusion 
or distal embolization.

JUMP GRFT

Distal to mid calf

FIGURE 12-26 Duplex ultrasound of peripheral bypass graft. Proximal 
velocity is 155 cm/sec and increases to 495 cm/sec at site of stenosis. Aliasing of 
the Doppler is also evident at site of stenosis.
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neck.41,42 Thrombin injection is contraindicated in those with 
allergy to bovine thrombin, those with overlying skin infections, 
in the presence of ipsilateral AVF,  and in those with active limb 
ischemia. The injection is performed under sterile conditions 
using a syringe equipped with a three-way stopcock. The needle 
is placed into the sac while drawing back gently on the syringe. 
The tip of the needle is seen in the cavity, and blood return is 
noted. The stopcock is then switched to a position open to the 
thrombin, and 0.1 to 0.2 mL of thrombin are injected. The duplex 
ultrasound examination should include final pictures document-
ing thrombosis of the pseudoaneurysm and a patent artery of ori-
gin. Complications of thrombin injection include limb ischemia 
(if thrombin enters the native artery and causes a thrombus to 
form) and anaphylaxis.

Arteriovenous Fistulae
Arteriovenous fistulae occur secondary to trauma, including cath-
eterization,43 or are created intentionally for dialysis.44 Duplex 
ultrasound findings include turbulent and pulsatile venous flow. 
Turbulence may result in a “color bruit” adjacent to the vein, caused 
by vibration of the surrounding soft tissue. Arterial flow proximal to 
the fistula will have a low-resistance pattern, rather than the typi-
cal high-resistance peripheral waveform (Fig. 12-28). Arterial flow 
 distal to the fistula will have a high-resistance waveform. Venous 
flow pattern at the connection will resemble an arterial waveform. 

A

C

B
RT groin

CFA

Neck

PSA RT PSA

CFV

CFA

FIGURE 12-27 Doppler evaluations of a pseudoaneurysm (PSA). “Yin-yang” appearance of PSA cavity is evident in longitudinal (A) and transverse (B) images. 
Whereas artery lengthens in longitudinal image, the contained PSA rupture sac retains its saccular shape. C, Pulsed Doppler placed in neck of pseudoaneurysm 
demonstrates pathognomonic “to-and-fro” pattern of bidirectional flow into and out of the contained rupture.

A

B
FIGURE 12-28 Spectral Doppler evaluation of peripheral artery proximal 
(A) and distal (B) to an arteriovenous (AV) connection. Low-resistance 
pattern in A occurs because artery is flowing into high-capacitance venous bed.
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The actual arteriovenous connection may be too small to be seen 
in postcatheterization AVF.

Evaluation of dialysis fistulae use specific criteria for the Doppler 
spectra obtained from arterial inflow and venous outflow.45,46 Peak 
systolic velocity is recorded throughout the native system and the 
graft. The arterial limb should demonstrate high velocities and con-
tinuous forward flow with a low-resistance waveform. The venous 
limb is expected to have slightly lower velocities. The normal PSV 
at the anastomosis is 300 cm/sec. The normal outflow vein has a 
PSV greater than 180 cm/sec and appears distended. Peak systolic 
velocity less than 150 cm/sec indicates a fistula in jeopardy of fail-
ure. The fistula may result in arterial steal from the distal circula-
tion. If this is suspected, direction of distal flow should be evaluated 
before and after compression of the AVF.

Venous Duplex Ultrasound
Duplex examination of the extremity veins enables accurate non-
invasive evaluation for deep vein thrombosis (DVT).47 Normal 
veins have thin walls and an echo-free lumen. The vein lumen 
can be obliterated (compressed) with a small amount of extrinsic 
pressure (Fig. 12-29). The walls do not co-apt, however, when the 
lumen contains thrombus, even when enough pressure is applied 
to distort the shape of an adjacent artery. Vein compressibility is 
best tested in an image plane transverse to the vein axis. Veins are 
characterized by anatomical location as deep or superficial, and as 
proximal or distal. The major veins of the thigh and arm are larger 
in diameter than the corresponding arteries. Extremity veins have 
valves that permit only cephalad flow, and these increase in num-
ber from proximal to distal. Valve sinuses are widened areas of the 
lumen that accommodate the valve cusps.

Doppler evaluation of flow in normal veins has four  important 
characteristics: (1) respirophasic variation, (2) augmentation with 
distal compression, (3) unidirectional flow toward the heart, (4) and 
abrogation of flow in the lower extremities by the Valsalva maneu-
ver. Complete analysis of venous spectral  waveforms requires 
 comparison of the waveforms from both right and left limbs. 
Presence of a flattened, unvarying waveform (loss of  respirophasic 
 variation in flow) on one side compared with the other  suggests 
the  presence of more proximal obstruction of venous return 
 proximal to the site of the Doppler interrogation.

Neck and Upper-Extremity Venous 
Duplex Ultrasound
Neck and upper-extremity duplex evaluation includes  assessments 
of the internal jugular, subclavian, axillary, brachial, cephalic, 
and basilic veins.48 The innominate veins and the superior vena 
cava cannot be evaluated with duplex ultrasound because of 
their  location within the bony thorax. Examination begins with 
 evaluation of the internal jugular (Fig. 12-30) and subclavian veins. 
The  subclavian vein can be imaged from a supraclavicular or 

 subclavicular approach. The arm is extended in a comfortable posi-
tion for the evaluation of the axillary vein, paired brachial veins, 
basilic vein (medial), and cephalic vein (lateral). Examination 
includes color and spectral Doppler evaluation of flow in all these 
veins. Loss of respirophasic variation in the waveform in the sub-
clavian or axillary veins suggests the presence of more proximal 
venous obstruction (due to thrombosis or extrinsic compression) 
(Fig. 12-31). The subclavian vein cannot be compressed where 
it lies directly below the clavicle, and venous thrombosis is sus-
pected when flow is absent or echogenic material is seen within 
the lumen.

Loss of compressibility is the pathognomonic feature of venous 
thrombosis. As the thrombus progresses from acute to chronic, 
there is increased echogenicity of the thrombus and decreased 
diameter of the vein. Over time, collateral veins may develop and 
recanalization may occur in the thrombosed vessel. In the upper 
arm, both superficial and deep venous systems have a significant 
role in venous drainage. The majority of upper-extremity DVTs are 
secondary to indwelling venous catheters, pacemaker leads, or 
hypercoagulability. Primary upper-extremity DVT is a rare disorder 
that is idiopathic, attributed to effort thrombosis (Paget-Schrötter's 
syndrome), or related to thoracic outlet obstruction.49 An unusual 
etiology of noncompressible veins is intravascular tumor. This is 
suspected when the echogenic material within the lumen appears 
to extend through the vessel wall and may contain arterial flow 
signals.

Lower-Extremity Venous Duplex Ultrasound
The venous ultrasound examination to evaluate the presence or 
absence of leg DVT begins at the inguinal ligament with identi-
fication of the common femoral vein and extends to the calf.50 
The proximal deep veins evaluated include the common femo-
ral, femoral (previously known as superficial femoral), and pop-
liteal veins. The deep calf veins include posterior tibial, peroneal, 
 gastrocnemius (sural), and soleal veins. Special attention is given 

FIGURE 12-29 Left, Transverse gray-scale imaging of superficial femoral 
artery (SFA) (A) and vein (V). Right, With gentle compression, artery is unchanged 
and vein is obliterated.

FIGURE 12-30 Transverse gray-scale imaging of internal jugular vein 
(IJV) and common carotid artery (CCA) without compression (left) and with 
gentle compression (right) obliterating vein lumen.

RT AX V

FIGURE 12-31 Spectral Doppler evaluation of axillary vein (AX) 
demonstrating loss of phasic variation in flow with respiration. This finding 
suggests more proximal venous obstruction. Increase in flow on right results 
from compression of forearm (augmenting venous return).
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to the saphenofemoral and saphenopopliteal junctions because 
thrombus in the superficial veins of these regions deserve more 
aggressive treatment than thrombus limited to other parts of the 
superficial venous system. Examination includes color and spec-
tral Doppler evaluation of flow in all these veins 51,52 (Fig. 12-32). 
Loss of respirophasic variation in the waveform of the common 
femoral vein suggests presence of obstruction proximal to the 
site of Doppler interrogation that is preventing venous return. 
Augmentation of flow with calf compression is not prevented 
by proximal venous obstruction. Proximal obstruction may be 
caused by extrinsic compression or venous thrombosis.

Bright-mode transverse images are used to determine compress-
ibility along the entire course of the veins examined. Normally the 
vein walls fully coapt with gentle pressure. Lack of compressibility, 
which occurs because of a thrombosis in the vein, is the most reli-
able finding for determining venous thrombosis. With acute throm-
bosis, there is low echogenicity of the intraluminal thrombus, and 
the vein is dilated. As the thrombus ages, it becomes more echo-
genic and less central within the lumen. Vein diameter decreases 
as the thrombus retracts. Recanalization occurs, and flow can be 
detected by pulsed or color Doppler. The thrombus often appears 
eccentric and adjacent to the vein wall. When image quality is 
poor because of significant soft-tissue edema, it is not possible to 
exclude the presence of small nonocclusive thrombi. Sensitivity for 
detection of common femoral vein thrombosis is 91%, and for both 
the femoral and popliteal veins is 94%.

Duplex ultrasound is accurate for diagnosing deep calf vein 
thrombosis in symptomatic patients, so long as the calf veins 

can be seen clearly (Fig. 12-33). When compared with angiog-
raphy, sensitivity of compression ultrasound for deep calf vein 
thrombosis is 94% and specificity is 100%. Small calf veins can-
not be visualized well in all patients. However, specificity and 
positive predictive value are high even when individuals with 
poor calf vein images are included in the evaluation. Thus, the 
diagnosis of DVT is made when calf veins are seen and cannot 
be compressed.

Lower-extremity venous ultrasound testing is often ordered when 
a patient is undergoing evaluation for pulmonary embolism (PE).  

LT SFV
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Spectral Doppler
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FIGURE 12-32 Ultrasound evaluation of femoral vein thrombosis. A, Gray-scale imaging with echogenic material (asterisk) seen within lumen of superficial 
femoral vein (SFV). B, Doppler in SFV shows a flow void within lumen. C, Spectral Doppler demonstrates diminished flow with respirophasic variation. D, Superficial 
femoral artery (SFA) and SFV without (left) and with (right) compression; vein is only partially obliterated due to thrombus.

FIGURE 12-33 Transverse gray-scale imaging of peroneal (deep) veins 
of calf.  Vein appears dilated in noncompression image on left. Vein lumen is not 
obliterated by gentle compression, indicating presence of calf vein thrombosis. 
A, artery; V, vein.



164

CH 
12

This test will provide information about presence or absence of 
venous thrombosis, but will not determine whether or not some-
one has had a PE.

Duplex Ultrasound Evaluation of Venous 
Insufficiency
Use of duplex ultrasound has been extended to detect reflux or 
obstruction and determine the anatomical extent of venous dis-
ease in patients with chronic venous insufficiency.53 This develop-
ment has been facilitated by color Doppler imaging to provide 
instant determination of the direction of blood flow. A 4- to 7-MHz 
linear array transducer is used. The saphenofemoral junction is 
examined first with the patient standing, and then in the supine 
reverse-Trendelenburg position. Compressibility is determined in 
transverse views of the veins. A longitudinal view of the sapheno-
femoral junction is then obtained.

One of two maneuvers can be used to elicit reflux. The first 
is the Valsalva maneuver. Intraabdominal pressure increases 
as the patient bears down, and venous outflow from the legs 
decreases. Venous return from the legs increases with release of 
the  maneuver.54 The second is thigh cuff inflation and deflation. 
Venous return is stopped with inflation of a cuff, typically to a 
level approximating arterial diastolic pressure. There is a transient 
increase in venous return that accompanies cuff deflation. Color 
flow is evaluated before and after one of these two maneuvers to 
elicit reflux. Baseline antegrade flow is displayed by blue color 
Doppler. Red color after the maneuver indicates retrograde flow. 
Reflux is present if red color persists for more than 0.5 seconds 
after either maneuver. Spectral Doppler can also be used to evalu-
ate reflux. The Doppler cursor is placed midstream with an angle 
of 60 degrees with respect to the wall. Reverse flow over 0.5 sec-
onds in duration is consistent with reflux (Fig. 12-34). Ideally, the 
remainder of the examination is performed with the patient stand-
ing with the weight on the leg not being examined.

The extent of reflux can be determined by repeating this 
assessment throughout the deep and superficial veins of the 
leg. For evaluation of the small saphenous and popliteal veins, 
the patient sits on the edge of the examination table with his/
her foot resting on a stool. The probe is placed over the popliteal 
fossa. The  gastrocnemius veins can be seen between the popli-
teal (which is deep) and small saphenous (which is superficial) 
vein. Compressibility and reflux following a Valsalva maneuver are 
determined in these veins. The posterior tibial and peroneal veins 
are assessed for reflux using the posteromedial and anterolateral 
views.

Perforating veins are vessels connecting superficial and deep 
veins. Incompetent perforating veins are identified by sliding the 
transducer up and down dilated superficial varicose veins.55 Color 
Doppler is then used while distal compression of the superficial 
vein is performed. The presence of different colors during com-
pression and release indicates that the direction of venous flow 
changes with compression and relief. This finding is diagnostic of 
reflux in the perforator veins.

Plethysmographic Evaluation 
of Venous Reflux
Duplex ultrasound identifies reflux in individual veins, and 
 plethysmographic methods evaluate the volume of venous 
reflux in the limb.56 Air or strain gauge plethysmography is a sim-
ple screening test that has the potential to provide a complete 
analysis of venous hemodynamics (also see Chapter 55) . The air 
chamber is filled with air to 6 mmHg and connected to a pressure 
transducer and recorder. Changes in the volume of the leg as a 
result of emptying or filling veins produce changes in the pressure 
of the air chamber. Recordings are made with the patient supine, 
and the leg elevated at a 45-degree angle. The patient then stands 
with the leg flexed slightly and bearing weight on the nonstudy 
leg. Venous filling time and venous volume are determined. The 
time until the volume plateaus after the raised limb is dropped is 
the venous filling time. Venous volumes of 80 to 150 mL are  normal. 
The venous filling index (VFI) correlates best with the clinical 
severity of reflux.

Values less than 2 mL/sec indicate the absence of significant reflux, 
whereas values over 10 mL/sec indicate high risks of edema, skin 
changes, and ulceration.57

Post-exercise plethysmography can be used to evaluate the eject-
ing capacity of the calf muscle pump. Venous volume is measured 
at rest, and again post-exercise. Rest volume minus post-exercise 
volume equals ejected volume. Ejection fraction is the ejected vol-
ume/rest volume × 100. Calf ejection fractions below 40% indicate 
patients most likely to benefit from deep vein reconstruction.

Vascular Laboratory Accreditation
Laboratory accreditation is obtained through organizations such 
as the Intersocietal Commission for the Accreditation of Vascular 
Laboratories (www.icavl.org) and the American College of 
Radiology (www.acr.org). The accreditation process reviews the 
educational credentials of the interpreting physicians and sonog-
raphers, as well as laboratory procedures. It provides excellent stan-
dards for setting up examination protocols and quality assurance 
programs.
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C H A P T E R  13  Magnetic Resonance Imaging
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Magnetic resonance angiography (MRA) is widely accepted for 
the majority of vascular imaging applications and is the modality of 
choice for many of them, particularly peripheral and renal arterio
graphy.1–3 Gadoliniumbased contrastenhanced (CE) MRA yields 
highquality spatial resolution images with relatively short acquisi
tion times. Detailed comparison with other imaging technologies is 
beyond the scope of this chapter, but general advantages and dis
advantages appear in Table 131. These become important for many 
applications such as aortography, where multiple modalities (e.g., 
computed tomography [CT] and MRA) are routinely diagnostic 
and capable of providing images for planning most interventions.

Basic Principles
Magnetic resonance imaging (MRI) relies upon the inherent mag
netic properties of human tissue and the ability to use these prop
erties to produce tissue contrast. Magnetic resonance imaging 
detects the magnetic moment created by single protons in omni
present hydrogen atoms. Because any moving electric charge pro
duces a magnetic field, spinning protons produce small magnetic 
fields and can be thought of as little magnets or “spins.” When a 
patient is placed in the bore of a large magnet (i.e., MRI scanner), 
hydrogen protons align with the externally applied static magnetic 
field (B

0) to create a net magnetization vector. On a quantum level, 
most protons will distribute randomly, either with or against the 
scanner's B0. However, a slight excess of spins aligns with the field, 
causing net tissue magnetization. The time required for this align
ment is denoted by the longitudinal relaxation time, T1. T1 varia
tions between tissues is used to provide contrast.

Spinning protons wobble or “precess” about the axis of B0. The 
frequency of the wobble is proportional to the strength of B0. If a 
radiofrequency (RF) pulse is applied at the resonance frequency 
of the wobble, protons can absorb energy and jump to a higher 
energy state. This RF pulse deflects the protons, creating a new net 
magnetization vector distinct from the major axis of the applied 
magnetic field. The net magnetization vector tips from the longitu
dinal to the transverse plane (transverse magnetization). The pro
tons are “flipped” by the RF pulse, and the net magnetization vector 
is defined by a “flip angle.” The stronger the RF pulse applied, the 
greater the angle of deflection for the magnetization. Common flip 
angles for spin echo are 90° and 180°. For gradient echo (GRE) 
MRI, flip angles typically range between 10° and 70°. After the RF 
pulse tips the spinning protons out of alignment with the main 
magnetic field, new protons begin to align with the main magnetic 
field at a rate determined by the T1 relaxation time.

Energy is given off as the spins move from high to low energy 
states. The absorbed RF energy is retransmitted at the resonance 
frequency and can be detected with RF antennas or “coils” placed 
around the patient. These signals are compiled, and after mathe
matical processes become the MR images. Proton excitation 
with an externally applied RF field is repeated at short intervals 
to obtain signals. This MR parameter is referred to as repetition 
time (TR). For conventional MRI, TR is typically 0.5 to 2 seconds, 
whereas for MRA, TR ranges from 30 to less than 5 milliseconds. 
When the spins are tipped to the transverse plane, they all precess 
in phase. The speed of wobbling depends on the strength of the 
magnetic field each proton experiences. Some protons spin faster 
while others spin slower, and they quickly get out of phase relative 
to one another. Throughout the dephasing process, the MR signal 
decays. This loss of phase is termed T2 relaxation time or transverse 
relaxation. T2, like T1, is unique among tissues and is used for image 
contrast. In addition to the intrinsic T2 of tissue, inhomogeneity of 
B

0 results in rapid loss of transverse magnetization. The relaxation 
time that reflects the sum of these random defects with tissue T2 is 

called T2*. To obtain an MRI signal, these spins must be brought 
back in phase and produce a signal or echo. The time at which it 
happens is referred to as echo time (TE). In spin echo imaging tech
nique, the echo is obtained by using a refocusing 180° RF pulse, 
after which the spins begin to dephase. Another 180° RF pulse can 
be applied to generate a second echo and so on. Signal loss at 
longer echo times reflects tissue T2. In GRE imaging, the echo is 
obtained by gradient reversal rather than RF pulse. Because this 
includes effects from tissue homogeneity, TEdependent signal loss 
reflects T2*. Recently, GRE sequences (balanced GRE steadystate 
free precession [SSFP]) have been developed that are insensitive 
to magnet field inhomogeneities and reflective of actual tissue T2.

Longitudinal and transverse magnetizations occur simultane
ously but are two different processes that reflect properties of vari
ous tissues in the body. Since T1 measures signal recovery,  tissues 
with short T1 are bright, whereas tissues with long T1 are dark. 
Fat has a very short T1. In contrast, T2 is a measure of signal loss. 
Therefore, tissues with short T2 are dark, and those with long T2 
are bright. Simple fluids, such as cerebrospinal fluid and urine, 
have long T2. To differentiate between the tissues based on these 
relaxation times, MR images can be designed to be T1weighted, 
T2weighted, or protondensity weighted. Exogenous contrast 
such as gadoliniumbased agents are routinely used to alter tis
sue conspicuity. Spatial encoding of signals obtained from tissues 
is required for imaging. Additional external timevarying mag
netic fields are applied to spatially encode the MR signal. Spatially 
dependent gradients are used to locate the MR signal in space. In 
twodimensional (2D) MRI, these are sliceselection, frequency
encoding, and phaseencoding gradients. In threedimensional 
(3D) MRI, the sliceselection gradient is replaced by a second 
phaseencoding gradient.

Magnetic resonance echoes are digitized and stored in “kspace” 
composed of either two axes (for 2D imaging) or three axes (for 3D 
imaging). Kspace represents frequency data and is related to image 
space by Fourier transformation. An important feature of kspace 
is that tissue contrast is determined by the center of kspace (cen
tral phase encoding lines), whereas the periphery of the kspace 
encodes the image detail. The order in which kspace lines are 
collected can be varied, strongly influencing tissue contrast. For  
example, in CEMRA, the central contrastdefining portion of kspace 
may be acquired early in the scan (centric acquisition) during peak 
intraarterial contrast concentration to maximize arterial contrast. In 
addition to simple linebyline kspace acquisition schemes, more 
complex schemes have been described. In spiral imaging, data 
acquisition begins at the center of kspace and spirals to the periph
ery. Sliceselective gradients applied along the zaxis will form axial 
images. Those along the yaxis will yield coronal images, and the 
xaxis gradients will provide sagittal images. An oblique slice can be 
selected by a combination of two or more gradients.

Magnetic Resonance Angiography 
Techniques
Magnetic resonance imaging relies on selective imaging of moving 
blood where signals from blood vessels are maximized, whereas 
signals from the stationary tissues are suppressed. Algorithms then 
enable reformatted images similar to those found in conventional 
xray angiography (Table 132).

Magnetic resonance angiography methods can depict blood 
as either black or white. For those “blackblood” methods that use 
standard spin echo (SE) sequences (Fig. 131A), the excitation RF 
pulse is applied at 90° and followed by a refocusing pulse at 180°. If 
the imaging slice cuts across a vessel, then depending on the flow 
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velocity and time interval between the pulses, the blood volume 
originally excited by the first pulse may not “see” the second pulse. 
This results in a blackappearing signal void in the vessel lumen. 
The use of thin sections or long echo times can further emphasize 
this flow void. This technique allows detailed examination of arte
rial wall morphology. Fast spin echo (FSE) sequences, in which a 
long train of echoes is obtained by use of repeated 180° pulses, pro
duce images more rapidly. The double inversion recovery (DIR) 
FSE offers a new approach to enhance blackblood sequences. The 
technique uses two consecutive inversion pulses: the first nulls or 
blackens the blood everywhere in the coil, and the second restores 
magnetization in the slice being imaged. Between these pulses 
and image production, blood within the slice is replaced by nulled 
blood from outside. This produces more reliable black blood than 
conventional approaches, making this sequence ideal for exam
ining wall thickness, dissection flaps, and the presence of mural 
thrombus or inflammation.4 This provides a clear advantage over 
traditional xray angiography.

“Bright blood” MRA techniques use GRE sequences and are gen
erally divided into those measuring signal amplitude (timeofflight 
[TOF]) and those based on phase effects (phasecontrast [PC]). In 
each GRE sequence, a single RF pulse is applied in short time inter
vals, eliminating signal loss due to flow void. The stationary protons 
occupying a given tissue slice do not have sufficient time to relax 
to their equilibrium state.

TOFMRA techniques depend on the inflow of unsaturated 
protons in blood from outside the field of view (FOV) into the 
stationary tissue within a section already saturated by its expo
sure to repeated RF pulses. These “saturated” protons are unable 
to contribute signal to the image. The signals in the stationary tis
sues of GRE images used in MRA are therefore typically low. The 
“unsaturated” protons in blood flowing into the imaging plane 
have not experienced the RF pulses and yield maximum signal. 
The unsaturated blood appears bright compared to background 
tissue (Fig. 131B). The time required for blood to flow through an 
image slice and its effect on the resulting signal is known as TOF. 

NAME OF 
SEQUENCE

 
DESCRIPTION

 
2D OR 3D

 
GATING USEFUL

FLOW QUANTIFICATION 
POSSIBLE

 
APPLICATIONS

TOF Bright vessels produced by inflow of 
blood with full magnetization into a 
slice or volume where magnetization 
has been reduced by RF saturation

Both Occasionally No Intracranial, carotid, pedal

PC Bright vessels produced by applica-
tion of flow encoding radiofrequency 
pulses that produce a phase image 
where intensity is proportional to 
velocity

Both Occasionally Yes None in current practice

Dynamic CE Bright vessels produced by rapid infusion 
of gadolinium contrast, with timing of 
scan to arterial and/or venous transit; 
mask subtraction may be used

3D No No Carotid, chest, abdomen, 
extremity runoff

Postcontrast Bright vessels produced by equilibrium 
enhancement of gadolinium contrast 
with fat saturation

Both No No Veins, aorta

Black blood 
 

Dark vessels produced by use of an 
inversion prepulse to null the signal of 
blood, based on its T1 recovery time

2D 
 

Necessary 
 

No 
 

Plaque imaging 
 

TABLE 13-2 Types of Magnetic Resonance Angiography Sequences

2D, two-dimensional; 3D, three-dimensional; CE, contrast-enhanced; PC, phase-contrast; RF, radiofrequency; TOF, time-of-flight.

METHOD ADVANTAGES DISADVANTAGES

MR No ionizing radiation Expensive hardware
Acquisition requires technical expertise

CE High signal from gadolinium-based agents
Less nephrotoxic than comparable iodine-based imaging (CT)

Nephrogenic systemic fibrosis can occur rarely in patients with 
severe renal insufficiency

Non-contrast Eliminates toxicity concern Longer acquisition times compared to CE protocol
Increased risk of artifacts that are largely mitigated with CE-MRA

CT Rapid, high signal, high-quality image acquisition
Less technical expertise required compared to MR

Ionizing radiation
Nephrotoxicity of iodine

DSA Intervention can be performed at time of diagnosis
Highest spatial resolution

Invasive
Nephrotoxicity of iodine
Projectional data may be inferior to volumetric acquisitions (CT, MR) 

that can be viewed in any plane

Sonography 
 
 

No ionizing radiation
Less expensive
Flow information readily obtained
Portable

Better for superficial imaging
Limited by artifacts from bone, air, and sonographic interfaces
Lower CNR, SNR compared to CT and MRI
Operator-dependent

TABLE 13-1 Advantages and Disadvantages of Vascular Imaging Methods

CE, contrast-enhanced; CNR, contrast-to-noise ratio; CT, computed tomography; DSA, digital subtraction angiography; MRA, magnetic resonance angiography; MRI, magnetic resonance imaging; 
SNR, signal-to-noise ratio.



168

CH 
13

Saturation of signals can occur in vessels with slowmoving blood 
as a result of repeated RF excitation in the acquisition plane. This 
can create artifacts in vessels with stenotic lesions or reduced 
blood flow.

Timeofflight techniques can be obtained in 2D or 3D. The 2D 
TOF utilizes multiple sequentially acquired, overlapping thin slices 
to form an image. The patient is instructed to hold his/her breath 
to minimize motion artifact. However, spatial misregistration may 
occur if patients cannot hold their breath at the same level each 
time. Thus, only one or two slices are typically acquired per breath
hold. 2D TOF has good sensitivity for identifying vessels with slow 
flow because blood must move only 3 to 5 mm to refresh a slice. 
3D TOF consists of GRE acquisition of a volume into which blood 
is flowing. The advantage of this technique is higher signaltonoise 
ratio (SNR) and improved resolution. The thick volumes of tissue 
imaged require rapid flow to fully refresh signals within the arter
ies. The technique is flow dependent and superior in vessels with 
rapid steady flow without respiratory motion. Additional saturation 
pulses can be applied to eliminate signal from veins. Segmented 
GRE sequence with cardiac triggering can be used to eliminate 
arterial pulsation artifacts.

A successful TOF image requires the section to be thin enough 
to allow for sufficient inflow between RF pulse repetitions, but 
thick enough to ensure adequate SNR and anatomical coverage. 
Section thickness of 3 to 4 mm is used for large vessels, and 1 to 
2 mm for smaller vessels. Spatial presaturation pulses are applied 
above or below the imaged slice or volume to eliminate unwanted 
signal from arteries or veins, depending on which part of the vas
cular tree is being imaged. Optimal TR for TOF is 20 to 50 millisec
onds. Short TR keeps background tissues saturated, but it must be 

long enough to allow for satisfactory inflow of unsaturated blood 
between successive repetitions. The best flip angle is usually 30° to 
60°. With phasic flow in the extremities, systolic flow signal may be 
increased (because of greater transverse magnetization created), 
and distal flow may be decreased, creating viewtoview intensity 
changes and phase artifacts from pulsatile variations. This pulsa
tion artifact is greatest at higher flip angles. Cardiac gating can be 
used to minimize these artifacts at the expense of increased imag
ing time.

Whereas TOF uses differences in signal amplitude to differ
entiate between stationary and flowing spins, the PC technique 
observes the phase shifts of signals. Moving spins experience dif
ferent phase shifts in the presence of the applied magnetic fields 
used in MRA. Strength and orientation of the applied magnetic 
field are varied to encode different phase shifts for flowing pro
tons relative to stationary protons. The faster the spins are moving, 
the greater their phase shift, and protons of flowing blood may 
be discriminated from stationary protons. The phase shifts result 
in a contrast between moving and stationary tissues and form 
the basis for PC imaging. Pairs of images are acquired that have 
different sensitivities to flow and are then subtracted to cancel 
background signal, leaving only the signal from flowing blood. 
Phase shift is proportional to velocity, allowing flow quantification 
with this modality. Phasecontrast acquisitions may be acquired 
in two or three dimensions; although used rarely in angiography 
today, Phasecontrast offers a reliable way to quantify amount and 
direction of flow. It requires long imaging times: two data sets in 
each direction are acquired by using flowencoding gradients of 
opposite polarity, and up to three measurements in the orthogonal 
planes are needed to image flow in all directions.

A

B C

FIGURE 13-1 “Black-blood” and “bright-blood” imaging techniques. A, Cross-sectional T1-weighted image of ascending and descending aorta; lumen appears 
black. B, Time-of-flight (TOF) image of carotid-vertebral system. C, Maximum-intensity projection (MIP) reconstruction of arterial phase of contrast-enhanced magnetic 
resonance angiography (CE-MRA) images in same patient shows normal carotid-vertebral arteries at higher spatial resolution than corresponding TOF acquisition.
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Visualization of the arterial system with PC and TOF is adequate5 

but has limitations. Acquisition times can be long and prevent 
imaging within the time span of a single breathhold. This increases 
the chance of movement artifacts. Some of the limitations are 
caused by flowrelated artifacts such as inplane saturation and 
phase dispersion. Flowbased imaging also has limits in areas 
of slow flow, such as aneurysms. Overgrading of stenotic lesions 
is most commonly a manifestation of signal loss in the areas of 
complex flow. Undergrading is a matter of inadequate spatial reso
lution. Complex turbulent flow patterns in areas of stenoses can 
create signal loss and mimic a critical lesion. This is due to “intra
voxel dephasing.” An accelerated flow across a stenosis consists of 
a wide distribution of velocities and thus a large distribution of pro
ton phases. In the smallest volume element, a “voxel” of the image, 
this distribution of phases can result in cancellation rather than 
coherent addition of signals, accounting for the presence of signal 
voids at the site of stenosis. A short TE minimizes flowphase dis
persion artifacts. Phase dispersion is further decreased when voxel 
size is minimized using thin sections. Small voxels and short TE are 
most easily obtained with 3D TOF methods. The biggest drawback 
of the thick volumes used with 3D techniques is that slow or recir
culating flow can become saturated. The MOTSA (multiple overlap
ping thinslab acquisitions) technique of sequential 3D TOF gives 
better flow enhancement than singleslab 3D TOF techniques and 
less dephasing than 2D techniques. However, the need for substan
tial overlap of adjacent slabs increases acquisition time.

Contrast-Enhanced Magnetic Resonance 
Angiography
The introduction of CEMRA has revolutionized MRA.6,7 This tech
nique overcomes many of the limitations of traditional bright 
blood modalities: respiratory motion artifacts, poor SNR, and 
flow and saturationrelated artifacts (Fig. 131C). Gadolinium 
increases the signal intensity of blood on contrastenhanced 3D 
T1weighted (spoiled) GRE images. Blood contrast is not flow 
dependent. It is determined by the concentration of contrast 
agent within the arterial system while imaging data are being col
lected. Reliable images can be acquired irrespective of whether 
flow is laminar, turbulent, or stagnant. This technique acquires 
largevolume data sets in coronal or sagittal orientation within 
a single breathhold during the first pass of the contrast material. 
The contrast agent, gadolinium, is a heavy metal but becomes 
inert when bound to a chelator. Intravenous (IV) administration of 
gadoliniumdiethylenetriamine pentaacetic acid (DTPA) results 
in a marked reduction of the T1 or longitudinal relaxation time 
of blood, therefore reducing the effects of spin saturation. Signal 
reduction is also problematic in 3D TOF sequences. Moreover,  
the very short TE reduces spin dephasing and allows accurate 
evaluation of vascular stenoses.

Multiple refinements have resulted in a technique that is much 
faster than TOFMRA. The development of highperformance 
 gradient systems with ultrashort repetition TR and TE has short
ened acquisition time in CEMRA to allow imaging within a single 
breathhold and minimize motion artifacts. Administration of agents 
shortening T1 allows selective visualization of contrast containing 
structures and better visualization of circuitous collaterals. Digital 
subtraction, spoiling, and fat saturation techniques suppress back
ground signal and enhance signal from the contrast agent in the 
vessels. The subtracted data sets can be postprocessed to provide 
3D projectional images. CEMRA still provides a luminogram, and 
conventional or FSE images are needed for a complete study so that 
true lumen diameter and presence of thrombus can be established.

Optimal images are generated when gadolinium concentration 
is highest in the vessel of interest. To make blood bright compared 
to background tissues, the gadolinium bolus must be adminis
tered in a way that ensures the majority of the contrast to be pres
ent in the arterial tree. This requires exact timing of the arrival of 
the gadolinium bolus. Acquisition prior to contrast arrival  creates 

a “ringing” artifact, whereas late acquisition creates venous and 
 tissue enhancement, contaminating the arterial signal. This is espe
cially problematic in MRA of the extremities, where the images 
are obtained in multiple segments. Contrast transit time can be 
affected by low cardiac output, valvular regurgitation, large abdom
inal aneurysms, and flowlimiting stenoses. Proper timing can be 
achieved by empirical estimation of transit time or a test bolus in 
the anatomical field of interest. Alternatively, with automated trig
gering, a pulse sequence can be designed to sense the arrival of 
contrast and automatically trigger image acquisition. Magnetic 
resonance fluoroscopy allows the user to visualize arrival of the 
contrast bolus directly on the image and manually trigger the start 
of the scan. Areas that require higher spatial resolution, such as 
the lower extremities, also need larger doses of contrast for longer 
acquisition times.

Imaging during the arterial phase of gadolinium infusion takes 
advantage of higher arterial SNR and eliminates overlapping 
venous enhancement. This is a brief moment in time, but sev
eral methods allow slower MR image acquisition to capture that 
moment. The phase reordering (mapping kspace) technique 
acquires central kspace data (i.e., the low spatial frequency data) 
when contrast concentration is high in arteries but lower in veins. 
This allows a relatively long MR acquisition to achieve the image 
contrast associated with the shorter arterial phase of the contrast 
bolus. It is critical to time the contrast bolus to achieve maximum 
arterial gadolinium concentration during acquisition of central 
kspace data.

CEMRA is limited by venous and softtissue enhancement. 
Contrast media not only passes into venous structures, depen
dent on the arteriovenous transit time of the tissue, but also rap
idly leaks out of the vascular compartment, creating significant 
tissue enhancement. New “blood pool” agents, which are currently 
undergoing clinical trials, are retained within blood vessels and 
selectively enhance the blood pool on T1weighted MR images. 
These use either gadolinium compounds that bind to albumin, or 
are large enough to stay within the vascular space or ultrasmall 
iron particle. Another agent, gadobenate, has a higher T1 relaxation 
time because of its capacity for weak and transient interaction 
with serum albumin. This may enhance vascular signal intensity 
and thus increase diagnostic efficacy at doses comparable to those 
used for current gadolinium agents. It is approved for imaging use 
in Europe but is under clinical investigation in the United States. It 
provides a higher and longerlasting vascular signal enhancement 
in the abdominal aorta compared with gadolinium, which does 
not interact with proteins.8

Gadoliniumbased contrast has a very favorable safety pro
file. However, gadolinium is nephrotoxic. For patients with under
lying chronic renal insufficiency, gadolinium chelates can cause 
acute renal failure. Nephrogenic systemic fibrosis (NSF) is linked 
to  gadoliniumbased contrast agents9 and largely involves the 
skin, though it may also affect the muscle, joints, or internal organs 
such as the lungs, liver, and heart in patients with renal failure. 
Nephrogenic systemic fibrosis occurs in patients with severe renal 
disease who are exposed to high doses of gadolinium agents, or 
in patients who receive  multiple standard doses of contrast agents 
in a short period of time. The reported prevalence of NSF among 
patients with glomerular filtration rate (GFR) less than 30 mL/min 
is 3% to 5%.10 Therefore, the MR protocol should aim to minimize 
contrast volume, especially in patients with moderate to severe 
renal failure.11

Metal objects, such as surgical clips, lead to susceptibility 
 artifacts in MRA. The increasing use of stents has important 
implications for MRA. Cavagna et al. evaluated CEMRA of seven 
stent types in the aortic, iliac, and popliteal positions.12 Few of 
the commonly used stents permitted visualization of the lumen. 
Susceptibility artifact results in significant signal loss that can 
preclude proper visualization of the stent lumen even with 
 gadoliniumenhanced MRA. Some nitinol, tantalum, or polytetra
fluoroethylene (PTFE)based devices, on the other hand, cause 
less artifact on CEMRA.
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Postprocessing Techniques
Magnetic resonance data can be viewed as source images or be 
displayed in projections with any orientation. Image postprocess
ing allows reformation in any desired plane to improve conspi
cuity of overlapping vessels (Table 133). The origins of the left 
common carotid artery (CCA) and left subclavian artery, for exam
ple, can overlap in coronal projections, whereas the origins of the 
right subclavian artery and right CCA can overlap in some oblique 
views. The renal ostia are usually best seen in either coronal or 
slightly oblique view. The celiac axis and superior mesenteric 
artery (SMA) are best depicted on sagittal projections. One advan
tage of MR versus digital subtraction angiography (DSA) is that the 
latter may require multiple injections to assess the origins of these 
vessels. The details of image interpretation are beyond the scope 
of this review, but source image data, multiplanar reconstruction 
(MPR), maximumintensity projection (MIP), and volume render
ing (VR) are used (Fig. 132). Source images are the initial recon
structions and should be used for problem solving and to confirm 

findings. Interpretation often begins with a vascular survey using 
MPR and MIP data sets. Multiplanar reconstructions are very use
ful in volumetric acquisitions because the desired imaging plane 

TECHNIQUE DESCRIPTION

MPR Production of cross-sectional images in planes 
different from acquisition plane

MIP projection Production of full- or partial-volume images 
along any desired axis from a stack of image 
slices

Volume rendering 
 
 

Manipulation of MRI slices to produce full 
 volumetric images; structures segmented for 
viewing by application of intensity thresholds 
and removal of unwanted structures

TABLE 13-3 Types of Postprocessing Techniques

MIP, maximum intensity projection; MPR, multiplanar reconstruction; MRI, magnetic 
 resonance imaging.

A

B

C D

FIGURE 13-2 Postprocessing techniques; contrast-enhanced magnetic resonance angiography (CE-MRA) of abdominal aorta and branches. A, Coronal 
thin-section image of abdominal aorta. Summation of these images, projected with maximum intensity, is used for (B) coronal maximum-intensity projection (MIP) 
that includes normal renal and mesenteric arteries. C, Axial multiplanar reconstruction (MPR) image at level of left renal ostium does not include entire extent of both 
renal arteries, giving false impression of a proximal right renal artery occlusion (arrow). D, Three-dimensional volume-rendered (3D-VR) image shows entire course of 
abdominal aorta and its branches.
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can be prescribed to enhance vascular separations. Subtracted 
MIPs are routinely created from CEMRA. The noncontrast (mask) 
images are subtracted from the enhanced images, and resulting 
high SNR data sets undergo projection of maximum intensity. By 
performing the projections of all angles around the zaxis of the 
patient, the data sets can be viewed in cine. These projections are 
referred to as rotating MIPs.

Clinical Applications
Extracranial Carotid and Vertebral Arteries
Atherosclerosis, dissection, and inflammatory diseases affect the 
extracranial carotid and vertebral arteries. Timeofflight meth
ods (2D and 3D) have been largely replaced by CEMRA because 
CEMRA allows imaging of the entire course of these vessels 
(Fig. 133). A problem with TOF imaging is turbulent flow at or near 
the carotid bifurcation where most of the lesions occur; this may 
lead to overestimation of lesion severity. Gadoliniumenhanced 
MRA has greater SNR than noncontrast imaging, is less sensitive 
to intravoxel dephasing from turbulence, and does not have signal 
loss from saturation effects. Phasecontrast sequences can supple
ment anatomical data for flow direction or quantification.

Transcranial flow has a rapid arteriovenous transit time, and 
thus venous contamination can limit image quality; therefore, time
resolved imaging may be required. Assessing the test characteristics 
of carotid MRA is challenging because technologies evolve, and 
the patients and methods are both heterogeneous. In a 41study 
metaanalysis, carotid CEMRA had high sensitivity (94%) and high 
specificity (93%) for diagnosis of severe (70%99 %) carotid artery 
stenosis.13 The sensitivity and specificity of CEMRA for ostial steno
sis also is very high.14

The intimal flap of CCA dissection can be visualized with either 
CT or MRA. For a patient with poor or uncertain hemodynamic sta
bility, CT is the preferred modality because it is more rapid and has 
better patient monitoring capabilities. However, MR is preferred for 
stable patients, since it does not impart ionizing radiation to the 
thyroid gland for either initial or followup studies.

For vertebral artery dissection, MRA can detect the level of ste
nosis or obstruction and distinguish residual flow from intramural 
hematoma.

Thoracic Aorta and Its Branches
Both CT and MRI provide comprehensive imaging of the aorta. 
Single breathhold 3D CEMRA imaging of the thoracic aorta 
(Fig. 134) is typically performed with electrocardiographic (ECG) 
gating to eliminate pulsation artifact.

AORTIC DISSECTION

A properly performed modern MRA is 100% sensitive for dissection 
and intramural hematoma.15 The true and false lumens, location 
and extent of the intimal tear, and the relationship of the tear to the 
branch vessels are readily tracked in multiple planes. Cine images 
of the proximal aorta can identify aortic regurgitation complicating 
type A dissection (Fig. 135). Delayed phase images allow identifica
tion of intramural hematoma, ulceration, and complications includ
ing rupture. On T1weighted SE sequences, intramural hematoma is 
seen as a concentric thickening of the wall, with increased intramu
ral signal intensity.16 Inflammatory changes are seen as arterial wall 
thickening and enhancement. When used with clinical parameters 
and other testing (e.g., blood pressure changes), MRA is useful to tri
age patients into either medical or surgical management options.17

THORACIC AORTIC ANEURYSM

Aneurysm imaging should consider slow blood flow through the 
lesion. Magnetic resonance angiography can demonstrate the 
location and size of an aneurysm, presence of a mural throm
bus, and the relationship of the aneurysm to the branch vessels. 
Because MIP images from 3D CEMRA are designed to highlight 
the lumen of the aorta, the source (including noncontrast) images 
should be evaluated to determine the extent of mural thrombus 
and the actual aneurysm size for accurate measurements. Time
resolved imaging shows delayed enhancement from slower flow.18 
Patients with a clinically suspected dissection and contraindica
tion to gadolinium (e.g., severe allergy, acute renal failure) can 
undergo DIR imaging or often noncontrast techniques to evaluate 
the thoracic aorta.19

ARCH VESSEL DISEASE

Occlusive disease of the great vessels is usually due to atheroscle
rosis. Vasculitis, fibromuscular dysplasia (FMD), and radiation arte
riopathy also can cause branch vessel stenoses. CEMRA is an 
established tool for rapid and accurate definition of brachiocephalic  

FIGURE 13-3 Carotid artery disease. Left internal carotid artery (ICA) 
dissection resulted in a thrombotic occlusion of proximal vessel. Internal carotid 
artery reconstitutes more distally.

FIGURE 13-4 Maximum-intensity projection (MIP) image shows normal 
thoracic aorta and origin and course of supraaortic vessels.
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and  subclavian arterioocclusive disease20 (Fig. 136). Rotating MIPs 
enable precise evaluation of the branch vessel origin without con
founding signals from overlying vessels.

CONGENITAL ANOMALIES

Congenital lesions are well depicted with MRA. Aortic coarctation 
appears as a discrete narrowing of the aorta distal to the left sub
clavian artery (Fig. 137). Magnetic resonance angiography depicts 
the stenosis, tortuosity of the aorta, and associated collateral ves
sels.21 Collateral flow assessment with MR velocity mapping can 
accurately evaluate the hemodynamic significance of a coarcta
tion.22 CineMR imaging also permits diagnosis of a concomitant 
bicuspid valve and possible aortic stenosis. Magnetic resonance 
angiography is used after intervention to exclude complications 
such as stenosis or aneurysm formation.23

Magnetic resonance angiography also can distinguish between 
coarctation and pseudocoarctation. Pseudocoarctation is a rare 
asymptomatic anomaly in the descending thoracic aorta and is 
characterized by an elongated redundant thoracic aorta with 
buckling distal to the origin of the left subclavian artery. There is 
no pressure gradient across the buckled segment. It is regarded 
as a benign condition, although several reports demonstrate that 
complications may occur.24

THORACIC OUTLET SYNDROME

Thoracic outlet syndrome results from compression of the neurovas
cular bundle (subclavian artery and vein plus the brachial plexus) 
at the thoracic inlet. Symptoms are typically from nerve compres
sion; the brachial plexus is involved in up to 98% of cases. Magnetic 

 resonance  imaging can demonstrate obstruction/compression of the 
fat  surrounding the brachial plexus, and of the subclavian vein and artery. 
Magnetic resonance angiography is performed during abduction and 
adduction maneuvers of the arm to simulate physiological compres
sion of the veins and/or arteries to confirm the diagnosis (Fig. 138).

Pulmonary Vessels
Radiofrequency ablation for atrial fibrillation has increased the 
role of noninvasive pulmonary vein mapping before intervention 
and for postprocedural surveillance for complications.25 Magnetic 
resonance angiography enables comprehensive planning of elec
trophysiological procedures with respect to number, location, and 
size of the pulmonary veins (Fig. 139). Multidetector CT is the ref
erence standard for pulmonary embolism (PE),26 although pul
monary MRA can be performed in patients with severe allergy to 
iodinated contrast media (Fig. 1310). Timeresolved MRA can be 
used to minimize venous contamination.27 Pulmonary artery aneu
rysms and stenoses can also be characterized with MRA.

Coronary Arteries
Because of its superior softtissue contrast, MRI provides excel
lent cardiac morphology and function data. The coronary arter
ies, however, remain elusive because of their small caliber, motion, 
and tortuosity (Fig. 1311). The modality that can best image the 
coronary arteries noninvasively in routine clinical practice is com
puted tomographic angiography (CTA).28 Coronary MRA is only 
appropriate for coronary anomalies,29 but CT is superior for this 
purpose and can be performed with less than 1 mSv of radiation.

A B C

FIGURE 13-5 Stanford type A dissection. A, Axial multiplanar reconstruction (MPR) image. B, Coronal maximum-intensity projection (MIP). C, Three-dimensional 
volume-rendered (3D-VR) image shows intimal flap in ascending aorta (arrow).



173

CH 
13

M
A

g
n

ET
iC

 R
Eso

n
A

n
C

E iM
A

g
in

g

Peripheral Artery Disease of the Lower 
and Upper Extremities
Most peripheral artery disease (PAD) is due to atherosclerosis. 
Other conditions altering arterial flow to the legs include periph
eral artery aneurysms, popliteal artery entrapment, cystic adven
titial disease, thromboangiitis obliterans (TAO), giant cell and 
Takayasu's arteritis, and (rarely) FMD.

Magnetic resonance angiography evaluation of lowerextremity PAD 
typically extends from the aortic bifurcation to the level of the ankle 
and foot (Fig. 1312). Magnetic resonance angiography is often used 
to evaluate vascular anatomy in patients with PAD to plan revascular
ization procedures. This enables identification and characterization of 
all occlusive lesions, plus an evaluation of inflow and outflow vessels.

Blackblood MRA images can assess the presence of wall thick
ening, thrombi, intramural hematoma, atherosclerotic plaques, and 

A B

FIGURE 13-6 Thoracic magnetic resonance angiography (MRA). A, Coronal maximum-intensity projection (MIP). B, Three-dimensional volume-rendered 
(3D-VR) image shows proximal left subclavian artery occlusion (arrow) and subclavian steal syndrome.

A B

FIGURE 13-7 A, Oblique sagittal maximum-intensity projection (MIP) image shows aortic coarctation (arrow). B, Three-dimensional volume-rendered (3D-VR) 
image shows larger field of view; extensive collaterals are evident (arrows).
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FIGURE 13-8 Thoracic outlet synd-
rome. A, Severe compression of left 
subclavian vein with arms up (arrows). 
B, Left subclavian vein becomes widely 
patent (arrows) with arms down; no 
evidence of thrombosis.

A B

FIGURE 13-9 A, Coronal maximum-
intensity projection (MIP) image. B, 
Posterior aspect of three-dimensional 
volume-rendered (3D-VR) image 
shows pulmonary arteries, left atrium 
and pulmonary veins, and separate 
opening of right middle lobe vein to 
left atrium (arrow).

A B

FIGURE 13-10 A, Coronal multiplanar 
reconstructed (MPR) image shows 
embolic filling defects in right lower 
lobe pulmonary artery branches 
(arrows). B, Coronal maximum-
intensity projection (MIP) image 
shows whole branching pattern of 
pulmonary arteries but hides details. 
Embolic filling defects in right lower 
lobe pulmonary artery cannot be 
seen clearly.
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penetrating atherosclerotic ulcers.30 Blackblood MRA sequences 
are rarely used in current runoff protocols, largely because of long 
acquisition times.

The standard MR runoff uses 3D CEMRA6,31 for accurate and 
detailed assessment of the peripheral arteries. A recent metaanalysis 
of 32 studies from 1998 to 2009 shows a pooled sensitivity of 94.7% 
and specificity of 95.6% for diagnosing segmental steno occlusive 
lesions in peripheral arteries.32 The fundamental challenge in 
peripheral CEMRA is balancing accurate imaging throughout 
the length of the vascular tree against the imaging capabilities of 
the system. In general, the craniocaudal FOV requires acquisition 
from the juxtarenal abdominal aorta to the foot in three or four  

overlapping stages. In one approach, the timing of the gadolinium 
bolus is optimized for the superior station (abdomen and pelvis), 
then imaging is performed as rapidly as possible to keep up with 
the flow of contrast material down the distal arteries. Image quality 
in the first stage is excellent but often suboptimal in the third stage 
as gadolinium enters the venous system, with resulting venous con
tamination of the image. This is especially true in patients with a 
short arteriovenous transit time, such as those with severely isch
emic limbs, where precise definition of the tibial arteries is critical. 
On average, contrast reaches the common femoral artery (CFA) 
in 24 seconds, with only an additional 5 and 7 seconds needed to 
reach the popliteal artery and ankle, respectively.33 Contrast travel 

A B

FIGURE 13-11 Contrast-enhanced magnetic resonance angiography (CE-MRA) of coronary arteries shows (A) normal origin of the left system (arrows) 
and (B) right coronary artery (arrow).

A B C

FIGURE 13-12 A-C, Abdominal aorta and bilateral lower-extremity runoff. Maximum-intensity projection (MIP) images show fusiform ectasia of infrarenal abdominal 
aorta (arrow), mild ectasia of distal external iliac artery and proximal common femoral artery (CFA) (short arrows), short-segment moderate to severe stenosis in left 
popliteal artery (thick arrow), and collateral vascularization. Normal three-vessel runoff is seen in each calf.
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time to the femoral arteries correlates with increasing age, male 
gender, history of myocardial infarction (MI), and diabetes, and is 
increased in the presence of aortic aneurysm. Socalled moving 
table technology can be used to chase a single bolus of contrast 
agent in its distal progression.34

Goals of peripheral MRA are higher spatial resolution to bet
ter visualize smaller distal vessels, and faster scanning to lessen 
the negative impact of venous enhancement. Newer acquisitions 
and 3tesla (3 T) scanners provide technological advances. Parallel 
imaging with multichannel phasedarray coils are used to reduce 
imaging time.35 Fulllength dedicated peripheral multichannel vas
cular surface coils improve signal. Timeresolved acquisitions can 
be used in standard protocols and may be particularly useful in 
the calves. To reduce venous contamination, subsystolic midfemo
ral venous compression can be applied.36

Hybrid injection protocols overcome some technical limita
tions and are more accurate for evaluating the popliteal trifurca
tion and foot vessels.37,38 Initial precontrast lowresolution axial 2D 
TOF sequences are obtained to optimize prescription of the 3D 
slabs. The first injection is used to acquire high–spatial resolution 
MRA of the calf and foot to minimize venous contamination; 3D 
timeresolved MRA for this stage can eliminate the need for bolus 
timing and decrease the total contrast load. The second injection 
is used for acquisition of both the aortoiliac and femoral station. 
Complementary TOF sequences are used to assess the ankle and 
foot. A typical dose is 0.2 mmol/kg of gadoliniumbased contrast 
administered at a flow rate of 1.5 to 2 mL/sec, followed by 20 mL 
of saline. Accurate synchronization of the peak contrast material 
in the vascular bed and central kspace acquisition is essential for 
high image quality. Timing can include a test bolus or bolus track
ing. For patients with asymmetrical flow to the legs, optimal arte
rial opacification in the more symptomatic leg (i.e., slower flow) 
can be challenging. Timeresolved sequences can determine peak 
arterial and venous enhancement of both legs so timing can be 
adjusted for the more symptomatic leg.31

Magnetic resonance angiography can also be used to evaluate 
patients after endovascular intervention.39 Following bypass sur
gery, CEMRA can evaluate graft location, patency, and stenosis of 
the proximal and distal anastomosis, even for small distal grafts. 
However, magnetic susceptibility created by metallic clips is prob
lematic even when source images are used for the evaluation.

Blood pool contrast agents show promise to decrease gado
linium doses and provide a much longer time window for data 
acquisition, based on prolonged relaxivity in comparison to con
ventional gadolinium agents.40 Venous contamination and SNR 
loss from less pronounced T1 shortening are some challenges in 
blood pool MRA.31 Newer noncontrast MRA techniques that use 
acquisitions in systole and diastole to produce contrast41 are prom
ising for runoff exams in patients with impaired renal function. 
Dedicated evaluation of the pedal arteries (Fig. 1313) is compa
rable to selective DSA.42

Magnetic resonance angiography is used to evaluate patients 
with clinically suspected popliteal artery entrapment syndrome 
(Fig. 1314) and cystic adventitial disease. Popliteal artery entrap
ment is an uncommon peripheral arterial disorder resulting from 
an anomalous relationship between the popliteal artery and the 
medial head of the gastrocnemius muscle. Magnetic resonance 
imaging defines the anatomical relationships, and MRA allows 
accurate evaluation of vascular compromise during provocative 
plantar flexion and at rest.43,44 Cystic adventitial disease accounts 
for 1 in 1200 cases of calf claudication. A mucincontaining cyst 
in the popliteal artery wall compromises arterial flow and causes 
claudication. Water signal makes the cyst appear hyperintense on 
T2weighted images, and MRA reveals popliteal artery stenosis.43,45

Upperextremity vascular disease affecting the subclavian artery 
includes stenosis, aneurysm, or compression due to thoracic outlet 
syndrome. Imaging of the forearm and hand may be indicated to 
evaluate vasculitis or ischemia secondary to trauma (Fig. 1315). The 
spatial resolution of MRA is inferior to DSA, although it is useful as 
a noninvasive technique.46 The acquisition window is restricted to 
the few seconds between full enhancement of the arteries and the 
beginning of venous contamination. Blood pressure cuff inflation 
proximal to the imaged area can extend imaging time and enhance 
image quality of the palmar, metacarpal, and digital arteries.47

Abdominal Vessels
Both CT and MR provide excellent imaging of the abdominal aorta 
and its branches. Magnetic resonance angiography is indicated to 
evaluate renal artery stenosis (RAS), mesenteric artery disease, and 
abdominal aortic aneurysm (AAA), dissection, or occlusion. Single 
breathhold CEMRA permits high contrast between vessels and  

A B

FIGURE 13-13 A, Time of flight (TOF) image of normal pedal arteries. B, Contrast-enhanced magnetic resonance angiography (CE-MRA) maximum intensity 
projection (MIP) reconstruction of pedal arteries in patient with cryoglobulinemia and small-vessel vasculitis. Arteries of pedal arch are occluded. Moderate venous 
enhancement is present.
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surrounding organs. Technical advances such as timeresolved and 
parallel imaging can be incorporated into clinical protocols. For 
detailed spatial measurements, blackblood (e.g., DIR) images are 
optimal for measurement of the lumen and vessel diameter and 
assessment of the aorta wall. Volumetric mask imaging will ensure 
that the 3D volume is appropriately placed. After contrast injection, 
at least two data sets (arterial and delayed phase) are acquired. 
This strategy does not significantly prolong the study and can 
provide valuable information, especially regarding venous struc
tures. It can also be very useful for slow flow in large aneurysms, 

or  imaging a false lumen where the initial  acquisition does not 
provide adequate enhancement. Contrast doses of 20 mL, adminis
tered at 2 mL/s, are usually sufficient.

RENAL ARTERY IMAGING

The most common cause of RAS is atherosclerosis, which often 
involves the ostia or proximal 1 to 2 cm of the renal arteries. 
Fibromuscular dysplasia is the second most common cause of RAS 
and typically affects the distal two thirds of the main renal artery.

A B

FIGURE 13-14 A-B, Arterial-phase maximum-intensity projection (MIP) images of leg show left popliteal artery entrapment (arrows).

FIGURE 13-15 Contrast-enhanced magnetic resonance angiography (CE-MRA) of hand. A, Dominant ulnar supply to hand in patient with absent radial artery.  
B, Radial aspect of superficial palmar branch, showing stenosis (hypothenar hammer syndrome).

A B
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Contrastenhanced MR is the modality of choice for patients with 
hypertension and clinically suspected RAS.48 Coronal imaging is pre
scribed to minimize acquisition time (i.e., fewer phase encoding 
steps). Parallel imaging can be used to minimize craniocaudal 
motion in the distal renal arteries.49 The advantage of MRA over CT is 
that dense calcification causes CT artifacts that obscure the lumen and 
cause overestimation of stenosis severity. Calcium deposits accumu
late at or near the ostium where stenosis detection is critical. Three
dimensional CEMRA with subtracted MIPs has less artifact at the 
ostium, and PC techniques can add information regarding hemody
namic significance. Secondary findings such as poststenotic dilation 
and delayed renal parenchymal enhancement are also important.

Magnetic resonance angiography can be used for clinically sus
pected FMD, but the presence of alternating webs and dilation 
may not be captured by the spatial resolution of MRA, particularly 
in the distal renal arteries. Thus, a negative MRA cannot entirely 
exclude the diagnosis.

ABDOMINAL AORTA IMAGING

Abdominal aortic aneurysms associated with atherosclerosis are 
typically fusiform; a saccular configuration should raise the pos
sibility of a mycotic aneurysm. Aneurysm evaluation includes the 
proximal and distal extent of the aneurysm, as well as its relation
ship to visceral branch vessels. Threedimensional MRA can iden
tify the main and any supernumerary renal arteries (Fig. 1316) and 
mesenteric arteries.

Multidetector CT is the preferred modality for planning endo
vascular repair of AAAs and surveillance of stent grafts. Magnetic 
resonance angiography does not image calcification.50 Magnetic 
resonance angiography is safe for nonferromagnetic stents and 
does not induce heating or stent deflection.51,52

Susceptibility artifact from stents limit postprocedural studies. 
However, nitinol and PTFE devices have minimal MR artifact, and 
early data suggest that MRA can be used in patients with nitinol 
grafts.53 Contrastenhanced MRA is also accurate in the depiction 
of endoleaks. Timeresolved MRA is also an attractive method to 
characterize endoleaks because contrast passage into the aneu
rysm sac can be visualized as a cine loop.54

ABDOMINAL AORTIC DISSECTION

Magnetic resonance angiography is used to detect propagation of 
aortic dissection into the abdominal aorta. It can identify the prox
imal and distal flap as well as involvement of the visceral branches. 
The celiac trunk and SMA usually arise from the true lumen, but 
extension of the flap into the celiac trunk, thrombosis of the false 
lumen, or compression of the true lumen can lead to hepatic or 

splenic infarcts. Magnetic resonance angiography reliably depicts 
the true and false lumen. For 3D acquisitions, postprocessing 
enables selective viewing of branch vessels. Delayed imaging can 
be used to characterize slow flow into the false lumen.

AORTIC OCCLUSION

Distal aortic occlusion is most commonly due to thromboem
bolic disease. Thrombus may be superimposed on severe athero
sclerosis of the distal aorta and common iliac arteries. Magnetic 
 resonance angiography is used to evaluate not only the occlusion 
but also the collateral circulation and distal reconstitution.

MESENTERIC ARTERIES

Chronic mesenteric ischemia (CMI) is most commonly a conse
quence of atherosclerosis in the proximal visceral arteries, but 
can also be a sequela to dissection, median arcuate ligament syn
drome (Fig. 1317), visceral artery dissection, vasculitides, and con
nective tissue disorders.

Most patients do not develop symptoms of CMI unless two of 
the three mesenteric arteries are occluded. Magnetic resonance 
angiography is highly accurate for evaluating mesenteric origins, 
where the majority of stenoses develop (Fig. 1318). High accuracy 
is maintained to the level of secondorder branches. Qualitative 
and quantitative flow measurements with cine–phase contrast MRI 
from the SMA and vein can be performed.55

Patients who present with severe abdominal pain and clinical 
suspicion for acute mesenteric ischemia require urgent imaging 
because of the risk of irreversible bowel damage. Major causes of 
acute mesenteric ischemia are SMA emboli (30%50%), SMA throm
bosis (15%30%), acute mesenteric vein thrombosis  (5%10%), 
and nonocclusive mesenteric vasoconstriction (20%30%).56 
Multidetector CT is typically used for initial imaging, since it has 
more widespread availability, less motion artifact in patients who 
are acutely ill, and the risk of bowel ischemia/infarction outweighs 
potential concerns for iodineinduced nephrotoxicity. However, in 
patients who do not require immediate intervention, MRA can be 
used for followup to characterize chronic atherosclerosis, mesen
teric occlusion, aneurysm formation, and vasculitis. Characteristics 
of vasculitis include findings of wall thickening and increased gad
olinium enhancement (Fig. 1319).

Transplantation
Magnetic  resonance angiography is used in pre and postoperative 
transplant patients. Detailed knowledge of vascular anatomy is 
essential to ensure safe and successful transplantation surgery. 

A B

FIGURE 13-16 A, Coronal maximum-
intensity projection (MIP) image. B, Three-
dimensional volume-rendered (3D-VR) 
images show bilateral accessory inferior 
renal artery originating from left common 
iliac artery (CIA) (arrows).
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Magnetic resonance angiography is used in  presurgical evaluation 
of the recipient and living donors57,58 and in followup of patients 
after transplantation of the liver, kidney (Fig. 1320), or pancreas, 
particularly in cases of suspected vascular complications.

In living donor liver transplantation, MRA provides a com
plete evaluation of the hepatic vascular anatomy in the presurgi
cal phase. It provides information regarding biliary anatomy and 
assessment of hepatic parenchyma for diffuse and focal abnormal
ities.59 Magnetic resonance angiography has high sensitivity and 
excellent negative predictive value for detection of clinically sig
nificant vascular stenosis in liver transplantation.60

After renal transplantation, MRA can be used for suspected vas
cular complications to identify patients who would benefit from 
angioplasty.61 In pancreas transplantation, MRA identifies arterial 
and venous complications.62 Accurate maps of rectus and gluteal 
muscle perforator arteries can also be obtained for preoperative 
planning of breast reconstruction.63

Inflammatory Diseases of the Arterial Wall
Magnetic resonance imaging is the primary technology for diagno
sis and followup of patients with large vessel vasculitis, based on 
identification of vessel wall edema and thickening that can be seen 
before lumen changes. Blackblood DIR imaging is preferred for 
wall morphology, and postcontrast imaging can be used to demon
strate mural enhancement. Other wall abnormalities seen in  vasculitis 
include ulceration, dissection, stenosis, occlusion, and aneurysm.

Takayasu's arteritis is an inflammatory disease that typically 
affects young women, and early diagnosis can be difficult because 
of its nonspecific symptoms and serological markers. Diagnosis 
and identification of disease activity with MRA is important to 

FIGURE 13-18 Sagittal maximum-intensity projection (MIP) image 
shows severe stenosis of superior mesenteric artery (SMA) (arrow).

A

B

FIGURE 13-19 Axial precontrast (A) and postcontrast (B) T1-weighted 
images show aneurysmatic dilation, thickening, and contrast enhancement 
of aortic arch, consistent with aortitis (arrows) in patient with Takayasu's 
arteritis.

A B

FIGURE 13-17 Median arcuate ligament syndrome. A, Sagittal maximum-
intensity projection (MIP). B, Three-dimensional volume-rendered (3D-VR) 
images obtained from arterial phase of contrast-enhanced magnetic resonance 
angiography (CE-MRA) show stenosis due to median arcuate ligament 
compression in origin of celiac trunk (arrow).



180

CH 
13

guide adequate therapy because severe stenoses, occlusion, or 
aneurysm are late irreversible manifestations. MRA findings sug
gestive of Takayasu's arteritis include stenoses of the aorta and 
its major branches (Fig. 1321). Involvement of the pulmonary 

arteries is seen in 70% of patients and increases  diagnostic con
fidence.64 Biomarkers are less reliable, whereas MRA shows early 
changes and evaluates disease activity. Findings include arterial 
wall thickening and enhancement in the active phase, mural 
thrombi, fusiform vascular dilations, and multifocal stenosis, and 
then thickened aortic valvular cusps in the chronic phase.65

Giant cell arteritis (GCA) is a largevessel inflammatory dis
ease affecting primarily older patients. Magnetic resonance 
angiography is used to diagnose associated thoracic aortic 
aneurysms and evaluates involvement of large peripheral arter
ies such as the subclavian arteries (Fig. 1322).

Magnetic Resonance Venography
Magnetic resonance venography (MRV) protocols differ from arte
rial imaging because of the differences in flow and disease pat
terns. As with arterial studies, noncontrast MRI such as TOF has 
been largely replaced with CEMRV, even though 2D TOF can cover 
large volumes and detect slow flow.

The problems of flowbased techniques and the relatively long 
acquisition times are overcome by the rapid 3D sequences used 
for arteriography. Subtraction data sets can limit signal from arter
ies to produce highquality venograms.66

Thrombus has relatively high T1 signal from the formation 
of methemoglobin. Blood products have characteristic MR sig
nal changes that are used in the evaluation of very early to 
late hemorrhage.67 Inflammatory changes from acute deep vein 
thrombosis (DVT) are characteristic. After contrast enhance
ment, mural enhancement of the vessel wall is seen around an 
acutely thrombosed vein, appearing as a bull's eye. In conjunc
tion with the inflammatory changes and organization of the 
thrombus, this finding helps differentiate acute from chronic 
thrombosis.

Deep Vein Thrombosis
When the vein in question can be accessed by sonography, ultra
sound is the firstline modality for DVT. Magnetic resonance veno
graphy is a secondline modality and used when ultrasound is limited 
by patient body habitus, limited acoustic window, or for other reasons. 
Gadolinium is typically used, and 3D sequences routinely identify 
 filling defects diagnostic for DVT (Fig. 1323). There is no role for DSA 

FIGURE 13-20 Oblique coronal maximum-intensity projection (MIP) 
reconstruction shows patency of renal artery anastomosis of transplanted 
kidney.

FIGURE 13-21 Coronal maximum-intensity projection (MIP) image 
shows occlusion of distal abdominal aorta in region of bifurcation (arrow), 
intrahepatic inferior vena cava (IVC) thrombosis (short arrows), and 
occlusion of bilateral common iliac vein, with extensive lumbar, epigastric, 
and azygos collateral veins in same patient.

FIGURE 13-22 Giant cell arteritis (GCA). Both subclavian arteries have 
smooth, tapered stenoses in mid- to distal segments.
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in  diagnosis, although  percutaneous access can be used for therapy. 
Computed tomography veno graphy can also be performed. Many 
early studies have established 2D TOF accuracy for thrombosis68,69 in 
the large central veins, although contrast is beneficial for better char
acterization of more superficial and perforating veins with slow flow 
and retrograde flow.70 Newer noncontrast MRA techniques have been 
used for DVT, but their utility requires more comprehensive studies. 
Magnetic resonance venography is also useful for patients with sus
pected renal vein thrombosis and can show enhancement of tumor 
thrombus.71 Delayedphase MRA also provides an evaluation of the 
inferior vena cava (IVC) and hepatic and portal veins.

Occlusive diseases of central thoracic veins (Fig. 1324) are 
commonly seen in patients with malignancy or coagulopathy 
or longterm use of central venous catheters for hemodialysis,  

hyperalimentation, or chemotherapy. Magnetic resonance venog
raphy is very helpful for  vascular mapping in patients who have 
chronic venous occlusion but require central venous catheter 
placement. Magnetic resonance venography is the best modality 
for compression and occlusion of the abdomen and pelvis. The 
IVC (Fig. 1325) and iliac veins, lymph nodes, tumors, and large 
organs can be identified. Finally, MRV delineates congenital 
venous anomalies and can be used to assess patency.

Vessel Wall Imaging
Sudden catastrophic adverse events such as stroke, MI, and limb 
ischemia do not necessarily correlate with lumen stenosis and 
may be better predicted by plaque characterization. Thus, vessel 

A

B C

FIGURE 13-23 Axial (A-B) and 
coronal (C) postcontrast venous 
phase images show left common 
iliac, external iliac, and common 
femoral vein thromboses (arrows).

FIGURE 13-24 Coronal maximum-intensity projection (MIP) image 
shows right subclavian vein thrombotic occlusion (arrows) and patent left 
venous system.

FIGURE 13-25 Abdominal magnetic resonance venography (MRV). 
Coronal maximum-intensity projection (MIP) image; large hypointense filling 
defect due to thrombosis seen in inferior vena cava (IVC) lumen (arrows).
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wall imaging will become a critical component of a comprehen
sive vascular study. Moreover, because of the multicontrast capa
bilities, MRI is well poised for wall component imaging, including 
the separation of wall layers72 and imaging the lipid necrotic core 
and fibrous matrix. Noncontrast techniques have achieved spa
tial resolution to image segments of an arterial tree,41 and contrast 
enhancement over time can quantify the size of the lipid necrotic 
core and evaluate plaque inflammation.73 Sophisticated contrast 
agents, such as ultrasmall superparamagnetic iron oxides that 
accumulate in predominantly ruptured or rupture prone athero
sclerotic plaques, can potentially identify highrisk lesions.74 Novel 
implantable contrast agents75 may enable more accurate vessel 
wall planimetry for longitudinal studies of vessel walls. Delayed 
and dynamic contrastenhanced studies have been used to study 
plaque neovascularization.76 Finally, evaluation of wallthickness 
changes in lowerextremity peripheral vein bypass grafts has been 
demonstrated.72,77

REFERENCES
 1. Ho VB, Corse WR: MR angiography of the abdominal aorta and peripheral vessels, Radiol 

Clin North Am 41:115–144, 2003.
 2. Levy RA, Prince MR: Arterial-phase three-dimensional contrast-enhanced MR angiography 

of the carotid arteries, AJR Am J Roentgenol 167:211–215, 1996.
 3. Vogt FM, Goyen M, Debatin JF: MR angiography of the chest, Radiol Clin North Am 41:29–41, 

2003.
 4. Toussaint JF, LaMuraglia GM, Southern JF, et al: Magnetic resonance images lipid, fibrous, 

calcified, hemorrhagic, and thrombotic components of human atherosclerosis in vivo, 
Circulation 94:932–938, 1996.

 5. Yucel EK, Anderson CM, Edelman RR, et al: AHA scientific statement. Magnetic resonance 
angiography: update on applications for extracranial arteries, Circulation 100:2284–2301, 1999.

 6. Prince MR, Yucel EK, Kaufman JA, et al: Dynamic gadolinium-enhanced three-dimensional 
abdominal MR arteriography, J Magn Reson Imaging 3:877–881, 1993.

 7. Prince MR: Gadolinium-enhanced MR aortography, Radiology 191:155–164, 1994.
 8. Kroencke TJ, Wasser MN, Pattynama PM, et al: Gadobenate dimeglumine-enhanced 

MR angiography of the abdominal aorta and renal arteries, AJR Am J Roentgenol 179: 
1573–1582, 2002.

 9. Cowper SE, Robin HS, Steinberg SM, et al: Scleromyxoedema-like cutaneous diseases in 
renal-dialysis patients, Lancet 356:1000–1001, 2000.

 10. Sadowski EA, Bennett LK, Chan MR, et al: Nephrogenic systemic fibrosis: risk factors and 
incidence estimation, Radiology 243:148–157, 2007.

 11. Ersoy H, Rybicki FJ: Biochemical safety profiles of gadolinium-based extracellular contrast 
agents and nephrogenic systemic fibrosis, J Magn Reson Imaging 26:1190–1197, 2007.

 12. Cavagna E, Berletti R, Schiavon F: In vivo evaluation of intravascular stents at three-
dimensional MR angiography, Eur Radiol 11:2531–2535, 2001.

 13. Wardlaw JM, Chappell FM, Best JJ, et al: Non-invasive imaging compared with intra-arterial 
angiography in the diagnosis of symptomatic carotid stenosis: a meta-analysis, Lancet 
367:1503–1512, 2006.

 14. Randoux B, Marro B, Koskas F, et al: Proximal great vessels of aortic arch: comparison 
of three-dimensional gadolinium-enhanced MR angiography and digital subtraction 
angiography, Radiology 229:697–702, 2003.

 15. Moore AG, Eagle KA, Bruckman D, et al: Choice of computed tomography, 
transesophageal echocardiography, magnetic resonance imaging, and aortography in 
acute aortic dissection: International Registry of Acute Aortic Dissection (IRAD), Am J 
Cardiol 89:1235–1238, 2002.

 16. Buckley O, Rybicki FJ, Gerson DS, et al: Imaging features of intramural hematoma of the 
aorta, Int J Cardiovasc Imaging 26:65–76, 2010.

 17. Hayashi H, Matsuoka Y, Sakamoto I, et al: Penetrating atherosclerotic ulcer of the aorta: 
imaging features and disease concept, Radiographics 20:995–1005, 2000.

 18. Lohan DG, Krishnam M, Tomasian A, et al: Time-resolved MR angiography of the thorax, 
Magn Reson Imaging Clin N Am 16:235–248, viii, 2008.

 19. Krishnam MS, Tomasian A, Malik S, et al: Image quality and diagnostic accuracy of 
unenhanced SSFP MR angiography compared with conventional contrast-enhanced MR 
angiography for the assessment of thoracic aortic diseases, Eur Radiol 20:1311–1320, 2010.

 20. Cosottini M, Zampa V, Petruzzi P, et al: Contrast-enhanced three-dimensional MR angiog-
raphy in the assessment of subclavian artery diseases, Eur Radiol 10:1737–1744, 2000.

 21. Godart F, Labrot G, Devos P, et al: Coarctation of the aorta: comparison of aortic dimensions 
between conventional MR imaging, 3D MR angiography, and conventional angiography, 
Eur Radiol 12:2034–2039, 2002.

 22. Holmqvist C, Stahlberg F, Hanseus K, et al: Collateral flow in coarctation of the aorta with 
magnetic resonance velocity mapping: correlation to morphological imaging of collateral 
vessels, J Magn Reson Imaging 15:39–46, 2002.

 23. Bogaert J, Kuzo R, Dymarkowski S, et al: Follow-up of patients with previous treatment 
for coarctation of the thoracic aorta: comparison between contrast-enhanced MR 
angiography and fast spin-echo MR imaging, Eur Radiol 10:1847–1854, 2000.

 24. Taneja K, Kawlra S, Sharma S, et al: Pseudocoarctation of the aorta: complementary findings 
on plain film radiography, CT, DSA, and MRA, Cardiovasc Intervent Radiol 21:439–441, 1998.

 25. Kato R, Lickfett L, Meininger G, Dickfeld T, et al: Pulmonary vein anatomy in patients 
undergoing catheter ablation of atrial fibrillation: lessons learned by use of magnetic 
resonance imaging, Circulation 107:2004–2010, 2003.

 26. Hunsaker AR, Lu MT, Goldhaber SZ, et al: Imaging in acute pulmonary embolism with 
special clinical scenarios, Circ Cardiovasc Imaging 3:491–500, 2010.

 27. Ersoy H, Goldhaber SZ, Cai T, et al: Time-resolved MR angiography: a primary screening 
examination of patients with suspected pulmonary embolism and contraindications to 
administration of iodinated contrast material, AJR Am J Roentgenol 188:1246–1254, 2007.

 28. Otero HJ, Steigner ML, Rybicki FJ:  The "post-64" era of coronary CT angiography: understanding 
new technology from physical principles, Radiol Clin North Am 47:79–90, 2009.

 29. Gharib AM, Ho VB, Rosing DR, et al: Coronary artery anomalies and variants: technical 
feasibility of assessment with coronary MR angiography at 3T, Radiology 247:220–227, 2008.

 30. Tatli S, Lipton MJ, Davison BD, et al: From the RSNA refresher courses: MR imaging of aortic 
and peripheral vascular disease, Radiographics 23 Spec No:S59–S78, 2003.

 31. Ersoy H, Rybicki FJ: MR angiography of the lower extremities, AJR Am J Roentgenol 
190:1675–1684, 2008.

 32. Menke J, Larsen J: Meta-analysis: accuracy of contrast-enhanced magnetic resonance 
angiography for assessing steno-occlusions in peripheral arterial disease, Ann Intern Med 
153:325–334, 2010.

 33. Prince MR, Chabra SG, Watts R, et al: Contrast material travel times in patients undergoing 
peripheral MR angiography, Radiology 224:55–61, 2002.

 34. Meaney JF, Ridgway JP, Chakraverty S, et al: Stepping-table gadolinium-enhanced digital 
subtraction MR angiography of the aorta and lower extremity arteries: preliminary 
experience, Radiology 211:59–67, 1999.

 35. Maki JH, Wilson GJ, Eubank WB, et al: Utilizing SENSE to achieve lower station sub-
millimeter isotropic resolution and minimal venous enhancement in peripheral MR 
angiography, J Magn Reson Imaging 15:484–491, 2002.

 36. Zhang HL, Ho BY, Chao M, et al: Decreased venous contamination on 3D gadolinium-
enhanced bolus chase peripheral MR angiography using thigh compression, AJR Am J 
Roentgenol 183:1041–1047, 2004.

 37. von Kalle T, Gerlach A, Hatopp A, et al: Contrast-enhanced MR angiography (CEMRA) in 
peripheral arterial occlusive disease (PAOD): conventional moving table technique versus 
hybrid technique, Rofo 176:62–69, 2004.

 38. Tongdee R, Narra VR, McNeal G, et al: Hybrid peripheral 3D contrast-enhanced MR 
angiography of calf and foot vasculature, AJR Am J Roentgenol 186:1746–1753, 2006.

 39. Rybicki FJ, Nallamshetty L, Yucel EK, et al: ACR appropriateness criteria on recurrent 
symptoms following lower-extremity angioplasty, J Am Coll Radiol 5:1176–1180, 2008.

 40. Nikolaou K, Kramer H, Grosse C, et al: High-spatial-resolution multistation MR angiography with 
parallel imaging and blood pool contrast agent: Initial experience, Radiology 241:861–872, 2006.

 41. Miyazaki M, Lee VS: Nonenhanced MR angiography, Radiology 248:20–43, 2008.
 42. Kreitner KF, Kunz RP, Herber S, et al: MR angiography of the pedal arteries with gadobenate 

dimeglumine, a contrast agent with increased relaxivity, and comparison with selective 
intraarterial DSA, J Magn Reson Imaging 27:78–85, 2008.

 43. Elias DA, White LM, Rubenstein JD, et al: Clinical evaluation and MR imaging features 
of popliteal artery entrapment and cystic adventitial disease, AJR Am J Roentgenol 
180:627–632, 2003.

 44. Atilla S, Ilgit ET, Akpek S, et al: MR imaging and MR angiography in popliteal artery 
entrapment syndrome, Eur Radiol 8:1025–1029, 1998.

 45. Crolla RM, Steyling JF, Hennipman A, et al: A case of cystic adventitial disease of the popliteal 
artery demonstrated by magnetic resonance imaging, J Vasc Surg 18:1052–1055, 1993.

 46. Krause U, Pabst T, Kenn W, et al: High resolution contrast enhanced MR-angiography of the 
hand arteries: preliminary experiences, Vasa 31:179–184, 2002.

 47. Wentz KU, Frohlich JM, von Weymarn C, et al: High-resolution magnetic resonance 
angiography of hands with timed arterial compression (tac-MRA), Lancet 361:49–50, 
2003.

 48. Vasbinder GB, Nelemans PJ, Kessels AG, et al: Diagnostic tests for renal artery stenosis in 
patients suspected of having renovascular hypertension: a meta-analysis, Ann Intern Med 
135:401–411, 2001.

 49. Vasbinder GB, Maki JH, Nijenhuis RJ, et al: Motion of the distal renal artery during three-
dimensional contrast-enhanced breath-hold MRA, J Magn Reson Imaging 16:685–696, 
2002.

 50. Lutz AM, Willmann JK, Pfammatter T, et al: Evaluation of aortoiliac aneurysm before 
endovascular repair: comparison of contrast-enhanced magnetic resonance angiography 
with multidetector row computed tomographic angiography with an automated analysis 
software tool, J Vasc Surg 37:619–627, 2003.

 51. Shellock FG, Shellock VJ: Metallic stents: evaluation of MR imaging safety, AJR Am J 
Roentgenol 173:543–547, 1999.

 52. Engellau L, Olsrud J, Brockstedt S, et al: MR evaluation ex vivo and in vivo of a covered stent-
graft for abdominal aortic aneurysms: ferromagnetism, heating, artifacts, and velocity 
mapping, J Magn Reson Imaging 12:112–121, 2000.

 53. Cejna M, Loewe C, Schoder M, et al: MR angiography vs CT angiography in the follow-up 
of nitinol stent grafts in endoluminally treated aortic aneurysms, Eur Radiol 12:2443–2450, 
2002.

 54. Stavropoulos SW, Charagundla SR: Imaging techniques for detection and management of 
endoleaks after endovascular aortic aneurysm repair, Radiology 243:641–655, 2007.

 55. Ersoy H: The role of noninvasive vascular imaging in splanchnic and mesenteric pathology, 
Clin Gastroenterol Hepatol 7:270–278, 2009.

 56. Fleischmann D: Multiple detector-row CT angiography of the renal and mesenteric vessels, 
Eur J Radiol 45(Suppl 1):S79–S87, 2003.

 57. Vosshenrich R, Fischer U: Contrast-enhanced MR angiography of abdominal vessels: is 
there still a role for angiography? Eur Radiol 12:218–230, 2002.

 58. Laissy JP, Trillaud H, Douek P: MR angiography: noninvasive vascular imaging of the 
abdomen, Abdom Imaging 27:488–506, 2002.

 59. Sahani D, Mehta A, Blake M, et al: Preoperative hepatic vascular evaluation with CT and MR 
angiography: implications for surgery, Radiographics 24:1367–1380, 2004.

 60. Kim BS, Kim TK, Jung DJ, et al: Vascular complications after living related liver transplantation: 
evaluation with gadolinium-enhanced three-dimensional MR angiography, AJR Am J 
Roentgenol 181:467–474, 2003.

 61. Hohenwalter MD, Skowlund CJ, Erickson SJ, et al: Renal transplant evaluation with MR 
angiography and MR imaging, Radiographics 21:1505–1517, 2001.

 62. Hagspiel KD, Nandalur K, Pruett TL, et al: Evaluation of vascular complications of pancreas 
transplantation with high-spatial-resolution contrast-enhanced MR angiography, 
Radiology 242:590–599, 2007.



183

CH 
13

M
A

g
n

ET
iC

 R
Eso

n
A

n
C

E iM
A

g
in

g
 63. Newman TM, Vasile J, Levine JL, et al: Perforator flap magnetic resonance angiography for 

reconstructive breast surgery: a review of 25 deep inferior epigastric and gluteal perforator 
artery flap patients, J Magn Reson Imaging 31:1176–1184, 2010.

 64. Yamada I, Nakagawa T, Himeno Y, et al: Takayasu arteritis: diagnosis with breath-hold 
contrast-enhanced three-dimensional MR angiography, J Magn Reson Imaging 11:481–487, 
2000.

 65. Choe YH, Han BK, Koh EM, et al: Takayasu's arteritis: assessment of disease activity with 
contrast-enhanced MR imaging, AJR Am J Roentgenol 175:505–511, 2000.

 66. Lebowitz JA, Rofsky NM, Krinsky GA, et al: Gadolinium-enhanced body MR venography 
with subtraction technique, AJR Am J Roentgenol 169:755–758, 1997.

 67. Bradley WG Jr: MR appearance of hemorrhage in the brain, Radiology 189:15–26, 1993.
 68. Spritzer CE, Arata MA, Freed KS: Isolated pelvic deep venous thrombosis: relative frequency 

as detected with MR imaging, Radiology 219:521–525, 2001.
 69. Carpenter JP, Holland GA, Baum RA, et al: Magnetic resonance venography for the 

detection of deep venous thrombosis: comparison with contrast venography and duplex 
Doppler ultrasonography, J Vasc Surg 18:734–741, 1993.

 70. Ruehm SG, Zimny K, Debatin JF: Direct contrast-enhanced 3D MR venography, Eur Radiol 
11:102–112, 2001.

 71. Laissy JP, Menegazzo D, Debray MP, et al: Renal carcinoma: diagnosis of venous invasion 
with Gd-enhanced MR venography, Eur Radiol 10:1138–1143, 2000.

 72. Mitsouras D, Owens CD, Conte MS, et al: In vivo differentiation of two vessel wall layers in 
lower extremity peripheral vein bypass grafts: application of high-resolution inner-volume 
black blood 3D FSE, Magn Reson Med 62:607–615, 2009.

 73. Saam T, Hatsukami TS, Takaya N, et al: The vulnerable, or high-risk, atherosclerotic plaque: 
noninvasive MR imaging for characterization and assessment, Radiology 244:64–77, 2007.

 74. Kooi ME, Cappendijk VC, Cleutjens KB, et al: Accumulation of ultrasmall superparamagnetic 
particles of iron oxide in human atherosclerotic plaques can be detected by in vivo 
magnetic resonance imaging, Circulation 107:2453–2458, 2003.

 75. Mitsouras D, Vemula PK, Yu P, et al: Immobilized contrast-enhanced MRI: gadolinium-based 
long-term MR contrast enhancement of the vein graft vessel wall, Magn Reson Med 2010.

 76. Calcagno C, Mani V, Ramachandran S, et al: Dynamic contrast enhanced (DCE) magnetic 
resonance imaging (MRI) of atherosclerotic plaque angiogenesis, Angiogenesis 13:87–99, 2010.

 77. Rybicki FJ, Mitsouras D, Owens CD, et al: Lower-extremity peripheral vein bypass graft wall 
thickness changes demonstrated at 1 and 6 months after surgery with ultra-high spatial 
resolution black blood inner volume three-dimensional fast spin echo magnetic resonance 
imaging, Int J Cardiovasc Imaging 24:529–533, 2008.



184

C H A P T E R  14  Computed Tomographic 
Angiography
Michael C. Walls, Sanjay Rajagopalan

Volumetric data acquisition with multidetector computed tomo
graphy (MDCT) has enabled the development of computed tomo
graphic angiography (CTA), a diagnostic modality that has clearly 
revolutionized the diagnosis of vascular disorders. Adequate imag
ing of the peripheral vascular system during a single acquisition 
and a single injection of contrast medium became feasible with the 
introduction of a 4slice computed tomography (CT) system with 
a 0.5second gantry rotation (thinnest collimation 4 × 2.5 mm) in 
1998.1 The introduction of 8slice CT in 2000 enabled shorter scan 
times, but did not yet provide improved longitudinal resolution 
(thinnest collimation 8 × 1.25 mm). The introduction of 16slice CT 
made it possible to routinely acquire substantial anatomical vol
umes with isotropic submillimeter spatial resolution.2 Computed 
tomographic angiography scans of the peripheral vasculature could 
now be routinely acquired with 16 × 0.625 mm or 16 × 0.75 mm col
limation, which provided the level of resolution required to investi
gate smallvessel involvement (<1 mm).

The 64slice CT systems introduced in 2004 were the next major 
advance, when two different scanner concepts were introduced 
by different vendors. The volume concept pursued by General 
Electric, Philips, and Toshiba aimed at a further increase in vol
ume coverage speed by using 64 detector rows instead of 16, 
without changing the physical parameters of the scanner com
pared to the 16slice version. The resolution concept pursued by 
Siemens used 32 physical detector rows in combination with 
double z-sampling, a refined zsampling technique enabled by 
a periodic motion of the focal spot in the zdirection to simul
taneously acquire 64 overlapping slices. The goal was pitch 
independent increase of longitudinal resolution and reduction 
of spiral artifacts.

With the most recent generation of CT systems, further 
increases in detector arrays allow increases in volume coverage 
and acquisition of large volumes in single heartbeats. Although 
clearly advantageous in coronary imaging, these have also pro
vided advantages for vascular imaging, including arterial phase 
imaging and diagnosis of vascular disorders such as dissection 
and arteriovenous malformations (AVMs).

This chapter discusses the basic principles of MDCT and pro
vides an overview of its application in vascular diseases. Image 
interpretation methods have also evolved, with routine postpro
cessing methods for image display, analysis, and quantitation. These 
methods will be discussed, as well as the strengths and weaknesses 
of CTA, including radiation dose concerns.

Fundamentals of Computed Tomography 
Imaging
Major Components of a Computed Tomography 
Scanner
The major components of a CT scanner are an xray tube and gen
erator, a collimator, and photon detectors. These components are 
mounted on a rotating gantry where the xray tube produces the 
xrays necessary for imaging. The predetector collimator helps 
shape the xray beams that emanate from the xray tube in order 
to cut out unnecessary radiation. The detectors consist of multi
ple rows of detector elements (>900 elements per row in current 
 scanners) that receive xray photons that have traversed through 
the patient, with the postdetector collimators preventing backscat
ter, which degrades image quality. Newer scanners have as many 

as 320 detector rows, and the width of each detector (“detector 
 collimation”) has decreased from 2.5 mm in 4slice systems to 
0.5 mm. The most important benefit of increasing the detector 
rows is increased coverage per gantry rotation (a 320row detec
tor CT with a detector width of 0.5 mm will have 160 mm zaxis 
coverage). The submillimeter detector width improves spatial res
olution in the zaxis, while increased coverage shortens scan time. 
Each detector element contains radiationsensitive solid state 
material (e.g., cadmium tungstate, gadolinium oxide, gadolinium 
oxysulfide) that converts the absorbed xrays into visible light.3 
The light is then detected by a silicone photodiode, amplified, and 
converted into a digital signal.

Gantry rotation time determines the temporal resolution of the 
images, with older scanners having a rotation time of 0.75 sec
onds, and more contemporary scanners a rotation time of 0.33 
seconds.2 The temporal resolution of a single source scanner, 
one xray generator mounted on the gantry, is slightly higher than 
half the time it takes for the gantry to rotate 360 degrees. Thus a 
0.33second gantry rotation will effectively provide a temporal 
resolution of 0.17 seconds. With a dualsource scanner, two xray 
generators mounted on the gantry, the temporal resolution will 
improve by a factor of two.

Computed Tomography Attenuation Data 
for Image Reconstruction
Computed tomography measures the local xray attenuation coef
ficients of the  tissue volume elements, or voxels, in an axial slice 
of the patient's  anatomy. The attenuation coefficients are then 
translated into grayscale values (CT value) of the corresponding 
picture elements (pixels) in the displayed twodimensional (2D) 
image of the slice. The  numerical CT value is normalized to the 
attenuation properties of water and is reported as Hounsfield units 
(HU). Pixel values are stored as  integers, in the range − 1024 HU 
to 3071 HU, corresponding to 4096 different grayscale values. By 
convention, water = 0 HU, and air = − 1000 HU and is indepen
dent of the xray spectrum. The CT values of human tissue, how
ever, depend on the xray spectrum. In general, lung and fat have 
negative CT values, muscle has a positive HU, and bone has rather 
large CT values up to 2000 HU. Administration of iodine contrast 
agent increases the CT value, with contrastfilled vessels typically 
having CT values in the range 200 HU to 600 HU. In most cases, 
contrastfilled vessels can be easily differentiated from the sur
rounding tissue, which does not exceed a CT value of 100 HU, with 
the exception of bone.

This easy thresholdbased differentiation is the basis for CTA and 
related image postprocessing techniques. The gantry rotates around 
the patient, collecting attenuation data from different angles. The 
attenuation coefficient also varies depending on the energy of the 
photons (measured in kiloelectron volts [keV]) that pass through 
them. The measured intensity of photons at the CT detector is 
related to the photon flux (number of photons) coming through the 
xray tube and that detected at the detector elements. Consequently, 
as the attenuation of the tissue increases, the fraction of photons 
detected at the detector element decreases. Photon energy (keV) 
and photon flux (milliamperes [mA]) are variables set by the user. 
Increasing tube current (mA) will improve image quality at the 
expense of increasing radiation dose. Certain manufacturers have 
introduced an “effective mAs” concept for spiral/helical scanning 
that incorporates the amount of time the tube current is being gen
erated. Tube voltage (kilovolts [kV]) determines the energy of the 
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xray beam or the hardness of the xray. High kV results in a smaller 
fraction of the xray beam being absorbed (reduced attenuation) 
but will result in improvements in contrast.

Scanning Modes
The two scanning modes used in CT are the axial mode and the 
spiral/helical mode. The major differences between these modes 
include (1) differences in table movement during image acquisi
tion, (2) differences in assignment of data to each channel, and (3) 
need for interpolation for data reconstruction. Each mode has its 
benefits, but the mode used for vascular CTA is the spiral/helical 
mode. For coronary CTA, there has been a shift toward using axial 
mode for its benefit in significantly reducing radiation exposure.

SPIRAL/HELICAL MODE

During spiral scanning, there is continuous table movement while 
xrays are generated the entire time; however, the tube current can 
be made to fluctuate. Since the table is moving during acquisi
tion, the detector channels are not dedicated to a slice position of 
the patient, so data is received from multiple contiguous slices of 
the patient. An interpolation algorithm is necessary to reconstruct 
“virtual” axial slices, with some loss in image quality. Spiral imag
ing is fast and can provide infinite reconstruction of data, but at the 
cost of higher radiation.

Beam Pitch
Pitch is an expression of the relationship between the table distance 
moved per gantry rotation and the coverage of the scanner. Pitch = 
[table feed per gantry rotation (mm) / coverage (mm)]. If the pitch 
is 1, there would be no gaps between the data set. However, if the 
pitch is greater than 1, gaps would be present, and if the pitch is less 
than 1, there would be overlap in the data acquisition. The pitch for 
electrocardiographic (ECG)gated cardiac scanning is typically 0.2 
to 0.3, whereas for vascular CT, pitch ranges between 0.5 and 1.2.

General Acquisition Parameters
Selection of specific acquisition parameters for imaging depends 
on the employed scanner model, the patient's body habitus, and 
the clinical question. The two main adjustable parameters are the 
tube voltage and current. Voltage is typically set at 120 kV, although 
100 kV provides acceptable images with significantly reduced 
radiation and can be employed for vascular imaging in most indi
viduals who are not obese. Tube current is usually 200 to 300 mA 
and can be adjusted upward if the patient is very large. To reduce 
motion artifact, breath holding is required for chest and abdominal 
CTA acquisitions. In MDCT spiral scans, the volume coverage speed 
(v, cm/s) can be estimated by the following formula:

where M = number of simultaneous acquired slices, s
coll

 =  collimated 
slice width, p = pitch, and t

rot
 = gantry rotation time. Although 

 currentgeneration scanners offer improved spatial resolution, 
their increased coverage and rotation speeds pose the risk of 
“ outrunning” the bolus of contrast in CTA applications. Accordingly, 
 adjustments in both pitch and gantry rotation speed must be made 
to achieve a table translation speed of no more than 30 to 32 mm/s 
for CTA applications. In a 64slice scanner, this usually is achieved by 
a reduction in trot to 0.5 seconds and a decrease in pitch to 0.8 or less.

Electrocardiographic Gating
Electrocardiographic gating is a method of gating imaging events to 
portions in the cardiac cycle where motion may be minimal, namely 
diastole. Electrocardiographic gating is indispensable for coronary 

imaging and vascular  structures that are prone to cardiac motion 
artifact, such as the ascending aorta. The two most common ECG 
gating methods are retrospective and prospective gating. With tradi
tional spiral scanning, ECG gating is performed retrospectively, where 
the data and ECG information are acquired, and subsequent recon
structions can be performed at various time points in the RR interval.4 
Compared to prospective ECG gating, which is the method used for 
axial scanning, the scan is triggered at the R wave, and image acquisi
tion occurs at a fixed point in the cardiac cycle. However, with recent 
advances in CT imaging, it is now possible to perform a prospectively 
ECGtriggered helical scan using high pitch with extremely low radia
tion exposure.5 These have been referred to as flash scans and are 
gaining significant popularity for coronary imaging.

Contrast Administration
All angiographic xray contrast remains in the extracellular space 
and rapidly distributes between the intravascular and extravascu
lar spaces immediately after intravenous (IV) administration.6 It is 
the process during the early phase of rapid contrast distribution 
and redistribution that determines vascular enhancement. Vascular 
enhancement differs significantly from parenchymal (soft tissue) 
enhancement characteristics. The two key components that deter
mine arterial enhancement are the amount of contrast per unit time 
(mL/s) and the duration of administration (seconds). The resulting 
product of the two is the volume of contrast (flow rate × duration). 
For example, 100 mL of contrast media given at 5 mL/s will require 
20 seconds to deliver. The relationship between flow rate, volume 
of contrast, and duration of administration is the most important 
concept to understanding injection protocols for vascular imaging.

Currently, low or isoosmolar nonionic contrast agents are the 
most commonly used for CTA. It is imperative to assess renal func
tion prior to administration of contrast so decisions can be made 
in regard to prophylactic measures, type of contrast used, and 
whether the study should be cancelled. Contrast is given IV using 
a power injector. Since contrast arrival time to the region of inter
est may vary, appropriate timing must be determined by using a 
test bolus or automated bolus tracking technique.7 The less com
mon technique of using a test bolus is performed by giving a small 
dose of contrast material and determining the time it takes for the 
region of interest to opacify. More commonly, a triggered or auto
mated bolus tracking technique is used, where a region of interest 
is drawn on the aorta closest to the area of  interest. A repetitive 
lowdose acquisition is acquired 5 to 10 seconds after contrast 
administration until a given HU threshold is achieved (typically 
110 HU). The actual CTA will be acquired once this threshold is 
obtained. The typical volume of contrast used is 100 to 120 mL, 
with an iodine concentration between 320 and 370 mg/mL, admin
istered at a rate of 4 mL/s and followed by a saline flush.

CONTRAST CONSIDERATIONS

Although MDCTA uses substantially lower contrast volumes, the 
inherent nephrotoxicity of contrast media must be considered, espe
cially in individuals with preexisting renal dysfunction (e.g., chronic 
kidney disease, diabetes mellitus). For these individuals, except in 
emergency situations, creatinine (Cr) clearance should be deter
mined before scheduling the patient. An allergy to iodinated con
trast  material is a major contraindication for performing contrast 
CT studies. However, based on the severity of previous contrast reac
tions, an assessment may be made as to whether the study can be 
safely performed after premedication with oral steroids and antihis
tamines. Fasting is not mandatory except for patients with previous 
contrastinduced gastrointestinal reactions.

Image Reconstruction at the Scanner Console
Various image reconstruction filters are offered by each manufac
turer. Filters are referred to as sharp or soft. Sharper reconstruction 
filters will provide more details but also more noise and are best 
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for assessment of stents and areas of calcification. Softer recon
struction filters provide less image detail but less noise as well. 
Soft to medium filters are usually used for most CTA applications. 
Image reconstruction can also be performed at different cardiac 
phases of cardiacgated acquisitions. It may be important in assess
ment of coronary anatomy in cases of thoracic aortic dissection 
and thoracic aortic aneurysms.8 This is most important for cardiac 
CTA where coronary anatomy may have to be assessed at different 
phases to ensure accurate delineation of coronary stenosis. When 
ECGgated thoracic aortic imaging is performed, various phases 
can be reconstructed to assess the aorta.

Slice width and slice increment used for image reconstruction at 
the scanner console depend on the anatomy being assessed and 
scanner capabilities. Reconstruction thickness for vascular imag
ing can be performed at the same width (thin) or several times the 
detector width (thick) to reduce noise. Thinner slices are associ
ated with higher image noise compared to thicker slices, and take 
longer to review. A slice increment of approximately 50% of the 
slice thickness is typically used.

Image Postprocessing
Similar to vascular magnetic resonance angiography (MRA) (see 
Chapter 13), multiple postprocessing techniques can be used in 
vascular CTA to assess the hundreds to thousands of images gen
erated. Usually two data sets are reconstructed: thick and thin sets. 
The thick set (5.0 mm) is used for general assessment, whereas the 
thin set (0.50.75 mm) is better suited for detailed evaluation. Image 
formats used for evaluation include (1) multiplanar reformats 
(MPR), (2) maximal intensity projections (MIP), (3) curved planer 
reformats (CPR), (4) volume rendering (VR), and (5) shaded sur
face display (SSD). Please refer to Chapter 13 for a description of 
these techniques.

For CTA, evaluation of the data set begins with review of the axial 
images to assess gross anatomy and scan quality. Maximal inten
sity projection format is used to view the vascular structure of inter
est in the traditional projections as well as in oblique orientations.  
A major caveat is the presence of calcium when viewing MIP 
images, since it can overestimate the severity of stenosis. For 
detailed evaluation, especially when calcium and stents are present, 
raw MPR images must be reviewed. Curved planar reconstruction 
is a unique technique that makes it possible to follow the course 
of any single vessel and  displays it in a nontraditional plane, where 
the entire vessel can be seen in a single image. Threedimensional 
(3D) VR images can also be reviewed to get a general appreciation 
of the anatomical variations if necessary. Each of these reconstruc
tion methods has its pitfalls; it is important to develop a systematic 
process to identify and evaluate an abnormality.

Radiation Exposure and Radiation 
Dose Reduction
Radiation exposure of the patient during CT and the resulting 
potential radiation hazards has recently gained considerable atten
tion from both the public and the scientific literature.9–12 Radiation 
exposure is defined as the total charge of ions produced in a unit 
of dry air by a given amount of xray or γray irradiation. In the 
International System of Units (SI), exposure is measured in terms of 
coulombs (C)/kg or amperes (A) .s/kg. Exposure is also commonly 
measured in units of roentgens (R), where 1 R equals 2.58 × 10− 4 C/kg.  
Absorbed dose is the energy imparted to a volume of matter by 
ionizing radiation, divided by the mass of the matter. The SI unit of 
absorbed dose is the gray (Gy), where 1 Gy equals 1 joule (J)/kg. The 
traditional unit is the rad, short for radiation absorbed dose, which 
equals 1 cGy or 10− 2 Gy. Although absorbed dose is a useful con
cept, the biological effect of a given absorbed dose varies depend
ing on the type and quality of radiation emitted. A dimensionless 
radiation weighting factor is used to normalize for this effect, 
where the weighting factor ranges from 1 for  photons (including 

xrays and γrays) and electrons to 20 for α particles. The sievert 
(Sv), a special SI unit to represent equivalent dose, was adopted 
to avoid confusion with absorbed dose. One Sv equals 1 J/kg. The 
traditional unit for equivalent dose is the rem, short for roentgen 
equivalent man. One rem equals 1 cSv, or 10− 2 Sv. Equivalent dose 
multiplied by the tissueweighting factor is often termed weighted 
equivalent dose, properly measured in Sv or rem. The sum of the 
weighted equivalent dose over all organs or tissues in an individual 
is termed the effective dose (E).13

Computed Tomography–Specific Dosimetry
In addition to the nomenclature for radiation dosimetry described 
above, a particular set of terms has been developed for CT.14 The 
dose profile (D[z]) for a CT scanner is a mathematical description 
of the dose as a function of position on the z axis (perpendicular 
to the tomographic plane). The CT dose index (CTDI), measured 
in Gy, is the area under the radiation dose profile for a single rota
tion and fixed table position along the axial direction of the scan
ner, divided by the total nominal scan width or beam collimation. 
CTDI is difficult to measure and therefore not commonly reported; 
instead, the CTDI

100 is measured. CTDI100 represents the integrated 
radiation exposure from acquiring a single scan over a length of 
100 mm. To estimate the average radiation dose to a crosssection 
of a patient's body, a weighted CTDI (CTDIw) is calculated. This is 
determined by the equation:

CTDI
w, given in mGy, is always measured in an axial scan mode 

and depends on scanner geometry, slice collimation, and beam 
prefiltration, as well as xray tube voltage, tube current (mA), and 
gantry rotation time (trot). The product of mA and trot is the mAs 
value of the scan. To obtain a parameter characteristic for the scan
ner used, it is helpful to eliminate the mAs dependence and intro
duce a normalized (CTDIw)n given in mGy per mAs:

The important CTspecific dosimetry term is the volume-weighted 
CTDI, or CTDI

vol
. This quantity represents the average radiation dose 

over the volume scanned in a helical or sequential sequence. It is 
determined from the CTDIw by the equation:

CTDIvol is used to determine the doselength product (DLP), mea
sured in units of mGy . cm. DLP reflects the integrated radiation 
dose for a complete CT examination and is calculated by:

Many CT scanner consoles report the CTDI
vol and DLP for a study. 

DLP can be related to E by the formula:

where E
DLP

, measured in units of mSv / (mGy ∙ cm), is a body 
region–specific conversion factor. The most commonly used EDLP 
values are reported in the 2004 CT Quality Criteria.15 These EDLP 
values are determined using Monte Carlo methods averaged for 
multiple scanners.

Dose Reduction Techniques
There are several ways to lower the dose delivered to a patient.14,16 
These methods can be used either in isolation or combined to 
exponentially lower exposure. Reducing tube current will lead 
to a direct reduction in radiation dose to a patient. However, a 

2 1
3 3w 100 100CTDI CTDI at  periphery CTDI at center= +

( ) ( )w rot w wn n
CTDI mA t CTDI mAs CTDI= × × = ×

vol w wCTDI CTDI /pitch CTDI · total nominal scan width/
                      distance between scans

= =

volDLP CTDI · length irradiated=

DLPE E · DLP=
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conscious decision must be made as to whether the tradeoff in 
radiation reduction outweighs image quality. This becomes very 
important in obese patients, where reduction in tube current may 
result in rather poor images. The contrasttonoise ratio increases 
with decreasing xray tube voltage.5 As a consequence, to obtain 
the adequate contrasttonoise ratio, the dose to the patient may be 
reduced by lowering the kV setting. There is nearly a 50% reduction 
in radiation exposure when using 80 kV instead of 120 kV when 
performing CTA. A recent study recommends 100 kV as the stan
dard mode for aortoiliac CTA, and reports dose savings of 30% 
without loss of diagnostic information.17

Electrocardiographiccontrolled dose modulation is a method 
employed during continuous imaging with retrospective stud
ies. Typically the output is kept at its nominal value during a user
defined phase (in general, the mid to enddiastolic phase), while 
during the rest of the cardiac cycle, the tube output is reduced to 
20% of its nominal value to allow for image reconstruction through
out the entire cardiac cycle. Using this technique, dose reduction of 
30% to 50% has been demonstrated in clinical studies.18–22

Anatomical tube current modulation is a technique adapted 
to the patient's geometry during each rotation of the gantry. Tube 
output is modulated on the basis of the tissue attenuation charac
teristics of the localizer scan or determined online by evaluating 
the signal of a detector row. By employing such a technique, dose 
can be reduced by 15% to 35% without degrading image quality, 
depending on the body region.23 A more sophisticated variation of 
anatomical tube current modulation varies tube output according 
to patient geometry in the longitudinal direction so as to main
tain an adequate dose when moving to different body regions—for 
instance, from thorax to abdomen (automatic exposure control).23 
Automatic adaptation of the tube current to patient size prevents 
both over and underirradiation, considerably simplifies the clini
cal workflow for the technician, and eliminates the need to look 
up tables of patient weight and size for adjusting the mAs settings.

Clinical Applications for Computed 
Tomographic Angiography in Vascular 
Disease
Computed Tomographic Angiography  
of the Neurovascular Circulation
TECHNICAL CONSIDERATIONS

Computed tomographic angiography is comparable to digital sub
traction angiography (DSA) for the measurement of residual 
carotid artery stenosis and is the preferred method of assessment 
at many institutions.24–26 To perform CTA of the head and neck 
arteries, the patient is placed in the supine position with the arms 
along the sides of the body. The topogram is used to assist plan
ning of the imaging volume, which should start from the aortic arch 
and end at the level of the circle of Willis. A submillimeter detector 
collimation is required for images, with the greatest spatial resolu
tion in the z axis. A test bolus or bolus tracking algorithm can be 
used to determine the start of the scan. The pitch can range from 
0.5 and 1.0, depending on the vendor and the number of detec
tor rows. Breathholding and cessation of swallowing is critical to 
eliminate motion artifacts. For assessment of carotid circulation, 
reconstruction is typically performed with smooth reconstruction 
kernels (e.g., Siemens B20f) using a slice thickness between 0.6 
and 1.0 mm and a 50% to 80% reconstruction increment.

Attention to appropriate window settings will have signifi
cant impact on measured variances in luminal contrast density.  
Differences in the measured residual lumen and  beam hardening 
from calcified plaque will overestimate the degree of steno
sis. To avoid this problem, a simple formula may be used to 
 calculate the optimal window settings for carotid stenosis 
assessment with CTA.27 The window width used is the product 
of the intraluminal HU × 2.07, and the widow level is the product 

of the intraluminal HU × 0.72. The degree of stenosis should be 
reported in terms of percent stenosis or residual luminal area. 
Percent stenosis is defined as the ratio of the maximal luminal 
narrowing to the normal internal carotid artery (ICA) distal to 
the bulb, as was described in the North American Symptomatic 
Carotid Endarterectomy Trial (NASCET).28 However, the seg
ment of normal ICA measurement can range from 5 to 8 mm, 
which will affect the calculated degree of  stenosis. This can be 
averted by using the residual luminal diameter instead of the 
percent stenosis,29–33 or using a simple visual estimation of the 
degree of stenosis rather than using a caliperbased method.34 
The current standard uses the percent stenosis measurement 
based on NASCET, but there are papers describing the use of 
residual lumen diameter, where 1.5 mm is used as the cutoff for 
hemodynamically significant stenosis, which correlates with an 
ultrasound peak systolic velocity of greater than 250 cm/s and a 
NASCET measurement of more than 70% stenosis.35

If the clinical question is whether there is a total or subtotal inter
nal carotid occlusion, an immediate delayed acquisition through 
the neck is helpful to detect slow opacification through a residual 
lumen. It is important to be aware that sometimes the ascending  
pharyngeal artery may mimic a subtotally occluded ICA. This 
is easily differentiated by the fact that the ascending pharyn
geal artery does not reach the skull base, whereas the ICA does. 
Accurate distinction is critically important; a subtotally stenosed 
ICA may be amenable to revascularization.36–38

Computed Tomographic Angiography  
in Atherosclerotic and Nonatherosclerotic Disease
Technical advances in CTA from the last decade have allowed 
unprecedented imaging for a number of neurovascular applica
tions, including evaluation for carotid artery stenosis, acute ischemic 
and hemorrhagic stroke, intracranial vascular anomalies, and cra
niocervical trauma. By far the most common indication for CTA of 
the extracranial circulation is for suspected carotid artery stenosis 
due to atherosclerosis (Fig. 141). Computed tomographic angiogra
phy is also part of the comprehensive evaluation of the patient with 
an acute stoke, where nonenhanced brain CT, vascular angiography, 
and perfusion imaging can be acquired during the comprehensive 
CT examination. Nonatherosclerotic diseases such as fibromuscular 
dysplasia (FMD), aneurysms or pseudoaneurysms, or dissections can 
also be imaged with high spatial resolution (Fig. 142). Additionally, 
CTA has a unique role in followup after carotid artery stenting proce
dures (see Fig. 141) instead of using MRA, which typically has signifi
cant susceptibility artifacts.

DIAGNOSIS OF CAROTID DISEASE

MDCT has shown a 100% correlation with invasive angiogra
phy for locating significant stenosis. The interobserver agree
ment in evaluating total versus subtotal occlusion, stenosis 
length, retrograde ICA flow, and location of the stenotic site is 
1.0, 0.94, 0.86, and 0.89, respectively.24,39 MDCT is also helpful in 
identifying underlying etiology such as dissection, atherosclero
sis, or thrombosis. Berg et al. studied 35 consecutive symptom
atic patients with cerebrovascular disorders (e.g., minor stroke, 
transient ischemic attack (TIA), amaurosis fugax, dizziness) and 
performed MDCTA.24 The main focus of the study was com
paring MDCTA to conventional xray DSA and rotational DSA 
as reference standards. In this study, the degree of stenosis was 
slightly underestimated with CTA, with mean differences (± stan
dard deviation) per observer of 6.9 ± 17.6% and 10.7 ± 16.1% 
for crosssectional, and 2.8 ± 19.2% and 9.1 ± 16.8% for oblique 
sagittal MPRs, compared with xray and rotational angiography,  
respectively. Computed tomographic angiography was somewhat 
inaccurate for measuring the absolute minimal diameter of sub
totally occluded carotid arteries. For symptomatic lesions, inter
active CTA interpretation combined with MPR measurements of 
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lesions with a visual estimate of 50% or greater diameter narrow
ing had a sensitivity of 95% and specificity of 93% for detection 
of carotid stenosis compared with DSA. Based on these data, it 
can be concluded that CTA is sensitive for detecting significant 
carotid artery stenosis.

Although MDCTA is a very effective noninvasive means of 
assessing cervicocranial circulation, there are multiple limita
tions that may occasionally restrict its usefulness. Computed 

tomographic angiography does not include flow dynamics. 
Blooming artifact due to calcification in segments can obscure 
the lumen and lead to overestimation of stenosis severity. Surgical 
clips can also preclude accurate assessment. The radiation dose 
of neurovascular CTA is between 1.7 and 3.0 mSv, depending on 
the imaged volume, type of scanner, and use of radiation reduc
tion algorithms. There may be overlapping veins that prevent 
detection of small cerebral artery aneurysms.

FIGURE 14-1 Carotid artery atherosclerosis. Curved planar 
reformation (CPR) from left carotid artery shows significant 
stenosis and noncalcified plaque, with minor calcifications at 
bifurcation and hemodynamically insignificant but ulcerated 
plaque at common carotid artery (CCA) (left), and a widely patent 
right carotid artery stent (right). (Adapted with permission from Berg 
M et al: CT angiography of the extracranial and intracranial circulation 
with imaging protocols. In Mukherjee D, Rajagopalan S, editors: CT 
and MR angiography of the peripheral circulation: practical approach 
with clinical protocols, London, 2007, Informa UK Ltd., p. 67.)

FIGURE 14-2 Carotid artery pseudoaneurysm. Curved 
planar reformation (CPR) of right carotid artery shows large 
pseudoaneurysm (left) of right internal carotid, with normal-
appearing left common and internal carotid arteries (right).
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Computed Tomographic Angiography  
of the Thorax
PULMONARY ARTERIES

Technical Considerations and Clinical Applications

Pulmonary embolism (PE) is the third most common cause of 
cardiovascular death in the United States after ischemic heart dis
ease and stroke, with an estimated annual incidence of 300,000 to 
600,000 cases per year.40 Even though there is a high prevalence of 
PE, it continues to be underdiagnosed, with only 43 to 53 patients 
per 100,000 being accurately identified.41

Computed tomography of the pulmonary arteries (CTPA) is the 
current diagnostic test of choice for assessing pulmonary throm
boembolic disease. In the PIOPEDII study,42 CTPA was principally 
performed on 4slice CT with a slice thickness of 1 to 1.25 mm. In 
this study, the overall positive predictive value in diagnosing PE was 
86% (97% for proximal, 68% for segmental, and 25% for subsegmen
tal thrombus), and the negative predictive value was 95%. The value 
of CTPA varied with the clinical pretest probability of PE: in patients 
with high or intermediate clinical probability, the positive predictive 
value for PE was 96%. However, in the face of low clinical pretest like
lihood, 42% of patients had a falsepositive CTPA result. Therefore, a 
positive CTPA that was discordant with clinical data had little diag
nostic value, at least on the basis of this study. There are random
ized controlled studies using latergeneration CT scanners that have 
addressed the issue of their superiority over the 4slice systems used 
in PIOPEDII.43–45 The expectation is that thinner detectors and larger 
detector assembly would allow rapid imaging of the pulmonary 
artery and branches in a few seconds, avoiding motion artifact.

To perform CTPA, the patient is placed supine with the hands 
above the head. Following the topogram, the field of view is pre
scribed to include the adrenals to the lung apices. The goal is to 
acquire the study with the thinnest slice collimation with a single 
short breathhold in fullsuspended respiration. The voltage, cur
rent, and pitch will vary depending on vendor and patient charac
teristics. There are two main methods for image acquisition: timing 
bolus and bolus tracking techniques. In the timing bolus technique, 
a region of interest is placed in the pulmonary trunk, and repeated 
scans are acquired at the same level every 2 to 4 seconds. A time 
density curve is obtained, allowing for calculation of the scan delay. 
The alternate approach is using an automated bolus tracking tech
nique, where a region of interest is placed over the pulmonary 
trunk, and the image acquisition initiates once a specified attenua
tion threshold is achieved. The pulmonary arteries are imaged with 
the first pass of IV contrast, and the pelvis and lowerextremity veins 
can be imaged later with a scan delay of 2.5 to 3.5 minutes.

CTPA images can be reconstructed using several techniques; 
however, one suggested method is using a 1.25mm slice thickness 
with a 50% to 60% slice increment. Larger slice thickness is used 
for reconstruction of the pelvis and lowerextremity veins. There 
are multiple artifacts that can limit detection of true PEs, so care
ful scrutiny of the acquired images with active scrolling in and out 
of each main, lobar, segmental, and subsegmental artery is neces
sary to avoid overcalling or missing PEs. Similarly, CT venography 
of the proximal lower extremities is difficult to interpret and suf
fers from several technical limitations, such as flow artifacts from 
suboptimal timing of contrast, arterial inflow contamination, streak 
artifacts from orthopedic hardware, arterial calcification, or dense 
contrast within the bladder.

The CTPA findings of acute PE can be divided into arterial find
ings and ancillary findings. Intraluminal filling defects may par
tially or completely occlude a pulmonary artery and typically 
cause significant dilation of the vessel. Acute emboli appear as 
adherent intravascular filling defects that form acute angles to 
the vessel wall, whereas chronic thrombi have the appearance of 
mural adherent thrombi contiguous with the vessel wall. Acute PEs 
that straddle the bifurcation of the left and right pulmonary arteries 
are referred to as saddle emboli (Fig. 143). Lung infarcts, atelectasis, 
and oligemia of the affected territory are common lung parenchy
mal findings with a PE.

CTPA examinations should have optimized window settings, 
where the window width is equal to the mean attenuation of the 
pulmonary artery plus 2 standard deviations, and the window level 
should be half this value. Active scrolling in and out each main, 
lobar, segmental, and subsegmental artery avoids confusion with 
veins or mucousfilled bronchi. Multiplanar reformats and MIPs of 
the pulmonary arteries can be used to improve reader confidence 
for subtle or questionable findings, but improved diagnostic accu
racy has not been proven.46,47 An important fact to keep in mind 
while interpreting a CTPA study is that most PEs are larger than 1 
or 2 mm. Therefore, filling defects seen on only one 1.25mm image 
are more likely to be artifact rather than true emboli. Pulmonary 
emboli typically ori ginate from the pelvic and lowerextremity 
deep venous anatomy. Less commonly, the source of emboli will  
be from the thorax, such as the superior vena cava or brachioce
phalic veins, likely as a complication of indwelling catheters.

Computed Tomographic Venography for Acute  
Deep Venous Thrombosis

The usual findings of a pelvic or proximal lowerextremity deep 
venous thrombosis (DVT) is a partial or complete IV filling defect. 
Commonly there is associated generalized leg and perivenous 
edema seen on the acquired images.48

FIGURE 14-3 Pulmonary emboli 
(PEs). Maximal intensity projection (MIP) 
images showing large central pulmonary 
emboli of left and right main pulmonary 
artery (left), and subsegmental emboli 
involving branches of left pulmonary 
artery (right).
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Predictors of Patient Outcome

There are many CTPA findings that give powerful prognostic 
 information. These include the presence of right ventricular (RV) 
dilation,  interventricular septal flattening suggesting significant 
RV pressure overload, and reflux of contrast into the inferior vena 
cava, all of which may result from a massive acute PE. A shortaxis  
diameter ratio of the right to left ventricles of 1 to 1.5 or greater is an 
indicator for severe RV strain and carries a poor  prognosis.49 A right
toleft ventricular diameter ratio of greater than 0.9 in a 4 chamber 
view is associated with increased 30day mortality, cardiopulmo
nary resuscitation, ventilator support, and the use of vasopressors.50

Other clinical applications of CTPA include assessment of 
pulmonary artery aneurysms and pseudoaneurysms, congeni
tal anomalies such as pulmonary artery atresia, palliative shunts, 
AVMs, and preprocedure planning for percutaneous pulmo
nary valve replacement or stenting of branch pulmonary artery 
stenosis.

THORACIC AORTA

Technical Considerations

Development of 16slice MDCTA and beyond has made it possible 
to acquire nearly isotropic submillimeter images within seconds. 
Standard protocol for acute aortic pathology should include precon
trast CT to assess whether intramural hematoma (IMH) is present or 
if there is blood, which is high density, within the pericardium, pleu
ral space, or mediastinum, indicating aortic rupture. Precontrast CT 
is performed with a lowdose technique using 1.5mm collimation 
to reduce the total radiation dose.51,52 The scan range of the precon
trast CT should be restricted to an area from the lung apex to the 
upper abdomen, but the contrastenhanced (CE) CT portion should 
cover the thoracic inlet to the femoral head.53 There is no standard 
iodine concentration for a dedicated aortic protocol. Normally, a body 
weight–adapted iodine concentration accounting for flow rates of 1.0 
to 1.6 g/s is sufficient to opacify the entire aorta.54,55 An iodine con
centration of 3 to 4 mL of 300 mg I/mL/s (0.91.2 g/s) may be adequate 
for most patients, whereas obese patients may require 5 mL of 300 mg  
I/mL/s (1.5 g/s) to obtain adequate opacification of the aorta. A bolus 
tracking method using 100 HU with a scan delay of 5 to 7 seconds, 
followed by a saline chaser to minimize venous contamination, is the 
ideal method to obtain  CECTA images.52

Adequate opacification of the entire aorta is achieved by admin
istering the contrast material at least as long as the scan time plus 
the delay time. For example, if the scan time and scan delay time 
are 15 and 5 seconds, respectively, a 20second injection of con
trast material followed by a 50mL saline chaser would be suffi
cient. With 64slice MDCT, it is possible to scan the entire aorta with 
submillimeter collimation (collimation, 0.625 mm; slice thickness, 
0.625 mm; reconstruction interval, 0.3 mm) within a single breath
hold, thus making highresolution 3D displays possible. Cardiac 
motion may simulate an intimal flap resembling aortic root dissec
tion, which can be eliminated using ECGgated acquisition.54,56 This 
will substantially increase the amount of radiation received by the 
patient, but will lend improved ability to not only evaluate the aor
tic root but also the coronary arteries.

Clinical Applications

Acute Aortic SyndromeS

Computed tomographic angiography plays an important role in 
the assessment of acute aortic syndromes. These entities comprise 
penetrating aortic ulcerations (PAU), IMH, and acute aortic dis
section (AAD) (see Chapter 34). Dissection presents with severe 
chest and/or back pain of sudden onset that is often described 
as “ripping” or “tearing.” This is typically associated with hyperten
sion and older age. However, there are other strong associations 
with inherited collagen disorders including Marfan's and Ehlers
Danlos' syndromes. MDCT is the imaging modality of choice for 
evaluating the presence of AAD. The major advantage of MDCT is 
its ability to visualize the entire aorta and the branch vessels, and 

its rapid throughput. With MDCT, it is important to discern poten
tial artifacts caused by motion of the aortic root and which may 
simulate an intimal flap. With ECG gating, motion artifact can be 
eliminated. This may be important in cases when also assessing 
coronary patency and left ventricular (LV) wall motion.

Penetrating aortic ulceration is the protrusion of plaque through 
the intima and internal elastic membrane of the aorta. Penetrating 
aortic ulceration can be seen when the lumen is filled with con
trast. It appears as a focal contrast outpouching that may enhance 
the aortic wall. The most common site of PAU is the middle or lower 
descending thoracic aorta.57 Penetrating aortic ulceration has to be 
differentiated from a nonpenetrating atheromatous ulcer, where the 
ulceration is confined within the intimal layer. The location of inti
mal calcification can be helpful in this situation.58 Atheromatous 
ulcers overlie the aortic contour and calcified intima, whereas PAU 
extends beyond this margin.51,58,59 However, differentiating a cal
cified mural thrombus, IMH, and PAU can be quite challenging.60 
The natural history of PAU can vary depending on the location.61–64 
Attenuation of the aortic wall on precontrast images can help 
 distinguish acute IMH or PAU with some mural hemorrhage from 
chronic IMH. Typically, acute IMH has high attenuation (5070 HU),  
in contrast to lower attenuation with chronic IMH. The size of a PAU 
has influence on its natural history.65 Penetrating aortic ulceration 
depth and diameter greater than 10 mm and 20 mm, respectively, 
were independent predictors of extension of IMH or dissection 
and rupture in one study.64 In another study, however, no predictors 
of adverse outcomes were acknowledged except for overt rupture 
upon presentation.66 The interval change in diameter on followup 
CT may be more important than the size of the PAU on the initial 
CT exam to determine treatment options or patient prognosis.57

The pathogenesis of IMH is not well understood, but hyperten
sion is the major predisposing factor. The two pathophysiological 
mechanisms of IMH are spontaneous bleeding into the media from 
the vasa vasorum and intimal tear with complete thrombosis of the 
false lumen. More recent studies suggest that most IMHs result from 
an entry tear similar to aortic dissection.60,67–69 Identification of an inti
mal tear is often underappreciated on preoperative CT but is seen 
intraoperatively.60 An IMH is visualized as a crescent or ringshaped 
region of the aortic wall, with characteristic high attenuation.51,70 In the 
International Registry of Aortic Dissection (IRAD), location of the IMH 
was associated with adverse outcome.71 A recent publication from 
Korea, however, contradicted the IRAD findings.72 New ulceration 
on followup CT and progression of IMH to a thickness greater than 
11 mm are associated with progression to overt aortic dissection.73,74

Acute aortic dissection is easily detected by MDCT, a firstline 
imaging study for evaluating patients59 (Fig. 144). Stanford classifi
cation is based on extent of the intimal flap, where type A dissection 
involves the ascending aorta, and type B only involves the descend
ing aorta.75 Important aspects of the evaluation of AAD include 
location and extent, site of entry/exit, side branch involvement, 
presence of aortic rupture, patency of false lumen, and associated 
complications. An inward displacement of intimal calcification can 
be a sign of aortic dissection on precontrast MDCT. Identifying the 
location of the entry tear is extremely important because this may 
affect endovascular treatment options. Likewise, reentry tears can 
be visualized in the descending and abdominal aorta or iliac arter
ies.76 Differentiating between the true and false lumen is extremely 
important because the major side branches originating from the 
false lumen may be occluded after stentgraft placement.59 The 
dissection flap may directly extend into or obstruct the ostium of 
an affected side branch vessel. A simple method to differentiate 
true from false lumen is to identify the communication with unin
volved aortic segment. The larger lumen is typically the false lumen 
because the pressure in the false lumen is higher than that of the 
true lumen.51,59,70 Typically, the true lumen has greater opacification 
with contrast because of the higher velocity of blood compared 
to the false lumen.51,59 The false lumen may also show a beak sign, 
which is the acute angle between the intimal flap and outer false 
lumen on axial images.51,59,70 Intraluminal thrombus is much more 
commonly seen within the false lumen, owing to the slower flow of 
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blood. Less commonly seen are strands of incompletely torn con
nective tissue of the aortic media, known as the cobweb sign.77

thorAcic Aortic AneurySmS

A true aortic aneurysm is a dilation of the aorta greater than 50% 
comprising the intima, media, and adventitial layers. The aortic  
root and ascending aorta are affected in nearly 60% of patients 
with a thoracic aneurysm, the aortic arch in 10%, the descending 
thoracic aorta in 40%, and the thoracoabdominal aorta in 10% of 
cases.78 MDCT can determine the extent, location, and size of the 
aneurysm. The diameter of the aneurysm should be measured in 
the true aortic short axis. MDCT also can detect complications 
such as rupture, infection, and fistulas.

congenitAl AnomAlieS of the thorAcic AortA

Computed tomographic angiography can be used to assess 
 congenital anomalies such as aortic coarctation and anomalous 
origin of the head and neck vessels (see Chapter 63). Magnetic 
 resonance angiography however, is more useful in this  circumstance, 
because it provides additional hemodynamic data not possible 
with CTA. Computed tomography has a unique role in assessing 
the relationship of vascular structures such as the main pulmonary 
artery, ascending aorta, and mammary arteries to the sternum.

AortitiS

Computed tomographic angiography can also be used for assess
ment of inflammatory diseases that involve the aorta and its proximal 
branches (e.g., giant cell arteritis [GCA], Takayasu's arteritis). Wall thick
ness can be easily assessed, and arterialphase wall enhancement has 
at times been used as a marker of ongoing inflammatory disease activity.

Computed Tomographic Angiography  
of the Abdominal Aorta
TECHNICAL CONSIDERATIONS

Computed tomographic angiography has an important role in 
abdominal aortic imaging because of its ability to assess intrinsic 
vessel pathology and branches such as the renal and mesenteric  

arteries with a high degree of  accuracy. Protocols for image 
 acquisition vary significantly based on the clinical question and 
the CT scanner used for imaging. The patient is placed in the 
supine position, with imaging collimation placed at the lowest 
possible setting by the scanner. Scanning volume can range from 
the upper edge of the 12th rib superiorly to the femoral heads or 
the iliac crest inferiorly. Scanning is performed in the craniocau
dal direction without cardiac gating. Breathholding will improve 
image quality, especially of the upper abdominal vessels, and is 
recommended whenever possible. A noncontrast study may be 
performed using larger collimation to assess for hemorrhage or 
aortic hematoma. This is followed by a contrast study with trigger
ing at the diaphragmatic or supraceliac aorta. A postcontrast study 
may be performed to evaluate venous anatomy, renal perfusion, or 
slow bleeding. Images can be reconstructed using a softer filter at 
submillimeter slice thickness with 50% slice increments.

CLINICAL APPLICATIONS

Abdominal Aortic Dissection

The most common cause for dissection of the abdominal aorta 
and iliac arteries is propagation of a thoracoabdominal aortic dis
section. Focal dissection of the abdominal aorta is rare, occurring 
in only 1.3% of all aortic dissections.79 A focal dissection is usually 
associated with hypertension, smoking, diabetes, previous aneu
rysm surgery, and hyperlipidemia.80 In addition to assessing the vas
culature, CTA can also provide information on softtissue structures, 
including complications such as hemorrhage. A noncontrast study 
may illustrate acute hemorrhage or IMH within an aortic dissection 
plane and may reveal complications. In addition, a precontrast study 
in conjunction with a postcontrast study may allow for compari
son of subtle changes in thrombus opacification, suggesting a slow 
bleed. An additional delayed acquisition 1 to 2 minutes post con
trast can help identify slow hemorrhage and venous abnormalities.

Abdominal Aortic Aneurysm

An abdominal aortic aneurysm (AAA) is defined by a greater than 
50% enlargement of the abdominal aorta compared to a normal  

FIGURE 14-4 Aortic dissection. Three-dimensional (3D) computed 
tomographic angiography (CTA) volume-rendered image showing an 
extensive aortic dissection (left) and maximal intensity projection (MIP) 
images in the axial projection depicting ascending (upper right) and 
descending (lower right) dissection propagation.
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aortic segment. A less than 50% dilation of the aorta is referred to as 
ectasia.81,82 Although ultrasound is the preferred screening modality 
for AAA, CTA is often required to assess the extent and complications 
of an AAA and to plan treatment.81 Regardless of the indication for a 
CTA exam, true short and longaxis measurements of the aneurysm 
must be reported. The distance between the lowermost renal artery 
and the superior border of the aneurysm, referred to as the neck, pro
vides a standardized description of its location. Computed tomo
graphic angiography can assess the shape and angulation of the neck, 
measure the maximum diameter of the AAA, and provide a thorough 
assessment of the iliac and femoral arteries. These determinations are 
important, especially when consideration is being made for endo
vascular aneurysm repair (EVAR; Fig. 145). Computed tomographic 
angiography can visualize mural thrombus and calcification within 
the aneurysm, which have important implications for EVAR (Fig. 146). 
Identifying the number and location of the renal arteries, the presence 
of a retroaortic left renal vein, and assessment of the mesenteric and 
hypogastric arteries also are important for operative planning.

SurveillAnce following endovASculAr AneurySm repAir

Computed tomographic angiography is the modality of choice 
for surveillance of patients who have undergone EVAR because it 
assesses potential complications, including endoleaks. A post–stent
graft examination consists of precontrast dynamic first circulation 
imaging, and immediate delayed postcontrast imaging. The precon
trast study allows identification of calcification so that it is not con
fused with endoleak. The immediate delayed postcontrast study 
may identify a slow endoleak that might be missed on the dynamic 
first circulation study.83 Computed tomographic angiography is 
used to measure the maximum external dimensions of the aneu
rysm sac, the lumen of the aortic stentgraft along with its two limbs, 
the distance between the proximal margin of the stentgraft and the 
inferior margin of the most inferior renal artery, and the lower mar
gin of the stentgraft and the iliac artery bifurcation of each side.

Endoleaks cause increased pressure within the aneurysm sac 
and thereby increase the potential for continued aneurysm growth 
and rupture. A type I endoleak is either a proximal or distal  

attachment site endoleak, and is usually discovered  during implan
tation. Delayed type I endoleak may be related to changes in tor
tuosity of the aorta secondary to aneurysm reshaping and should 
be suspected on CT when acute hemorrhage or contrast pooling 
is found in the aneurysm sac adjacent to the device attachment 
site.84 Type II endoleak, the most common form of endoleak, is 
caused by continued blood flow into the aneurysm sac through 
a small arterial branch that is excluded by the stentgraft. This type 
of endoleak resolves spontaneously in most instances and is seen 
as a small area of contrast opacification within the aneurysm. It 
is often located at a distance from the graft.85 Type III endoleak is 
caused by mechanical disruption of the material of an endograft 
or by separation of an iliac extender from the main graft. This type 
of endoleak is considered high pressure and carries a high risk for 
rupture. It appears as a large central collection of contrast distant 
from the landing zone of the graft.86 A type IV endoleak is due to 
graft porosity, which is often detected near the time of implanta
tion prior to endothelialization of the graft conduit. This type of 
endoleak is selfhealing and resolves with cessation of anticoagula
tion. A type V endoleak is result of endotension from arterial pres
surization within the aneurysm sac and is without an identifiable 
cause. This is a diagnosis of exclusion after CTA and invasive angi
ography fail to identify an alternative type of endoleak.84

Vasculitis

In the abdomen, CTA also has a role in assessing vascular wall and 
branch vessel changes associated with largevessel and medium
vessel vasculitis, such as Takayasu arteritis and poly arteritis 
nodosa, respectively. There are four subtypes of Takayasu's arte
ritis (see Chapter 42): type 1 is confined to the aortic arch and 
branches, type 2 involves the descending thoracic and abdomi
nal aorta, type 3 includes type 1 and 2 components, and type 4  
combines type 1, 2, and 3 with pulmonary artery involvement. In 
patients in the acute stage of vasculitis, CTA findings include thick
ening and  enhancement of the vessel wall. In the chronic form of 
the disease, there may be arterial stenosis, occlusion, or aneurysm 
formation.87

FIGURE 14-5 Aortoiliac composite 
stent-graft. Multiplanar projection 
reformation images depicting usual 
appearance of an aortoiliac stent-graft 
in axial (left) and sagittal oblique views 
(right).
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Other Applications of Computed Tomographic 
Angiography
RENAL ARTERY DISEASE

The superb isotropic spatial resolution (0.5 × 0.5 × 0.5 mm) of 
CTA enables assessment of the renal arteries that is unsurpassed 
by other imaging modalities. There are approximately 6 seconds 
between initial renal arterial and venous opacification because of 
the rapid transit time within the kidney.88 This requires  acquiring 
images with a very high temporal resolution to decrease the 
degree of venous contamination. Common applications for CTA 
of the renal arteries include renal artery stenosis (RAS) either 
from atherosclerosis or FMD, acute renal artery occlusion, and renal 
artery aneurysms. Atherosclerotic renal artery disease manifests as 
a stenosis occurring at the vessel origin or proximal segment (typi
cally within 2 cm of the ostium).89 Fibromuscular dysplasia often 
involves the mid to distal renal artery and appears as multiple 
sequential stenoses (“string of pearls”) and possibly renal artery 
aneurysm.90 Acute renal artery occlusion may rapidly lead to renal 
infarction.89 The CTA appearance includes occlusion of a renal 
artery with or without an intimal flap, the former indicting propa
gation of dissection. Renal artery infarction manifests as wedge
shaped or global perfusion abnormalities. Renal artery aneurysms 
are rare and are most commonly detected incidentally (Fig. 147). 
The most common cause of renal artery aneurysms is associ
ated with atherosclerosis but may also be related to FMD, connec
tive tissue disease, mycotic infection, or vasculitis (e.g., Behçet's 
syndrome, polyarteritis nodosa).89,91 Computed tomographic  

angiography also has a role in surveillance of patients after renal 
artery stenting. The biggest limitation of CTA use is that a large pro
portion of patients with renal artery disease also have advanced 
renal dysfunction, precluding a CECTA study.

MESENTERIC ARTERY DISEASE

Computed tomographic angiography is useful in the assessment 
of mesenteric artery disease, including mesenteric artery aneu
rysms, dissection, vasculitis, and FMD (Fig. 148). Mesenteric artery 
aneurysms involve the splenic (60%), hepatic (20%), superior mes
enteric (5.5%), celiac (4%), pancreatic (2%), and gastroduodenal 
arteries (1.5%).92,93 Traditionally, these types of aneurysms were 
diagnosed by invasive angiography. With the increased speed 
and resolution of CTA, they are increasingly detected noninva
sively. Usually, celiac artery and superior mesenteric artery (SMA) 
dissections result from propagation of aortic dissection. On CTA, 
the dissection flap may be visualized in the proximal vessel and 
may cause complete occlusion. Rarely, spontaneous dissections  
of the SMA may occur. These have a relatively high mortality 
rate.94,95 Stenosis of the celiac axis may be due to a fibrous band 
that unites the crura on both sides of the aortic hiatus. This is 
termed median arcuate ligament syndrome. Typically, the ligament 
crosses superior to the origin of the celiac axis, but in some peo
ple there is a variant in which it crosses inferiorly and can cause 
compression of the proximal portion of the celiac axis.96 This diag
nosis is suggested by CTA when there is focal narrowing with a 
“hooklike” appearance in the  proximal celiac axis.

Ave. Diameter � 17.45 mm
Area � 239.27 mm2

Ave. Diameter � 13.33 mm
Area � 139.58 mm2

FIGURE 14-6 Aortoiliac composite stent-graft. Three-dimensional (3D) computed tomographic angiography (CTA) volume-rendered image (left) and curved 
planar reformation (CPR) (right) showing an aortoiliac stent-graft.



194

CH 
14

PERIPHERAL ARTERY DISEASE

Technical Considerations

Contemporary MDCT scanners are capable of assessing the distal 
vessels in lower extremities. To image vessels smaller than 1 mm 
in diameter, as is the case in pedal vessels, submillimeter detector 
collimation is necessary. Patients are placed in a supine position 
on the scanner table in a feetfirst orientation. The typical fieldof
view (FOV) should extend from the diaphragm to the toes, with 
an average scan length of 110 to 130 cm. The scanning protocol 
begins with a scout image of the entire FOV, followed by a test 
bolus or bolus triggering acquisition. Breathholding may be nec
essary for the more proximal abdominal station, but not for the 
distal stations. This is followed by a CE angiographic acquisition 

during the arterial contrast phase. With newer scanners, care must 
be taken to set the gantry rotation times and pitch appropriately 
to avoid the risk of “outrunning” the contrast bolus. A second late 
acquisition of the calf vessels can be obtained in the event of inad
equate pedal opacification during the arterial phase. For most CTA 
applications, 100 to 140 mL of contrast (with an iodine concentra
tion between 350370 mg/mL) is administered at a rate of 4 mL/s 
and followed by a saline flush.97 Recently a fixed time strategy has 
been recommended to image peripheral artery disease (PAD)98 
(Table 141). In this strategy, the pitch is varied to accomplish a 
fixed scan time of 40 seconds in all patients. A biphasic injection 
protocol is used to provide sustained opacification of the arte
rial system. This approach standardizes PAD imaging protocols 
and consistently enables goodquality scans. Images are recon
structed using a smooth kernel into one data set of thicker slices 
at  5.0mm slice thickness for general assessment, and another data 
set of thinner slices of 0.6 to 0.75 mm, incorporating a 25% to 50% 
overlap. When stenosis is present, the determination of severity is 
typically by visual estimation rather than a computerbased tech
nique. The combination of MIP, CPR, and axial plane imaging will 
allow the experienced reader to discern mild (0%50%), moderate 
(50%70%), and severe (>70%) stenosis.99,100

FIGURE 14-7 Renal artery aneurysm. 
Maximal intensity projection (MIP) images 
of a distal right renal artery aneurysm 
with peripheral calcification.

FIGURE 14-8 Fibromuscular dysplasia (FMD) of celiac artery. Maximal 
intensity projection (MIP) images show proximal FMD of celiac artery in lateral 
oblique and axial (upper left) orientations.

Suggested Injection Protocol
Contrast agent Low-osmolar nonionic, 350-370 mg/mL

Scan time Fixed at 40 s

Injection duration 35 s

Pitch Variable and adjusted to scan time of 40 s

Delay Bolus trigger to occur on reaching threshold of 
150-200 HU

Weight-based biphasic 
injection rate

< 55 kg: 20 mL (4 mL/s) + 96 mL (3.2 mL/s)

56-65 kg: 23 mL (4.5 mL/s) + 108 mL (3.6 mL/s)

66-85 kg: 25 mL (5.0 mL/s) + 120 mL (4.0 mL/s)

86-95 kg: 28 mL (5.5 mL/s) + 132 mL (4.4 mL/s)

> 95 kg: 30 mL (6.0 mL/s) + 144 mL (4.8 mL/s)

TABLE 14-1  Biphasic Injection Protocol for Peripheral 
Artery Disease Imaging

HU, Hounsfield unit; s, second.
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Atherosclerotic Peripheral Artery Disease

The major indication for CTA in the evaluation of PAD is in the 
diagnosis and preinterventional evaluation of symptomatic 
patients (Fig. 149). Findings from CTA can assist the decision to 
use open surgical or endovascular therapy for revascularization.101 
Computed tomographic angiography is less useful in patients with 
tibioperoneal atherosclerotic disease, since these patients are typi
cally diabetic and have heavily calcified vessels that may preclude 
accurate assessment of the degree of stenosis. A metaanalysis of 
CTA in PAD including mostly 4slice systems reported a pooled sen
sitivity and specificity for detecting a stenosis of greater than 50% 
per segment of 92% (95% confidence interval [CI], 89%95%) and 
93% (95% CI, 91%95%), respectively. The diagnostic performance of 
CTA in the infrapopliteal tract was lower, but not significantly dif
ferent from that in the aortoiliac and femoropopliteal levels.102–104

At least one study has evaluated the comparative effective
ness of various imaging approaches in PAD. The outcome mea
sures included clinical utility, functional patient outcomes, 
quality of life, and diagnostic and therapeutic costs related to 
the initial imaging test during 6 months of followup. Higher 
confidence and less additional imaging were found for MRA 
and CTA compared with duplex sonography, and at lower 
costs.105

Peripheral Artery Aneurysm

Approximately 10% of patients with AAAs have femoral and/or 
popliteal artery aneurysms (Fig. 1410). Popliteal artery aneu
rysm is defined as arterial diameter greater than 7 mm, and fem
oral artery aneurysm is defined as arterial diameter greater than 
10 mm.106,107 Computed tomographic angiography has great util
ity in diagnosing concomitant aneurysms and also helps dis
tinguish popliteal artery aneurysm from Baker cyst or cystic 
adventitial disease of the popliteal artery. In the case of femoral 
artery aneurysm, CTA is appropriate to define the presence of 
iliac and native femoral vessel disease and plan revasculariza
tion strategies.108

FIGURE 14-9 Abdominal computed tomographic angiography (CTA) with 
runoff. Maximal intensity projection (MIP) (left) and three-dimensional (3D) CTA 
volume-rendered images showing bilateral common iliac aneurysms with distal 
runoff disease of right lower extremity. (Adapted from Cohen E, Doshi A, Lookstein 
R: CT angiography of the lower extremity circulation with protocols. In Mukherjee D,  
Rajagopalan S, editors: CT and MR angiography of the peripheral circulation: practical 
approach with clinical protocols, London, 2007, Informa UK Ltd., p. 140.)97

FIGURE 14-10 Peripheral arterial aneurysms. Three-dimensional (3D) computed tomographic angiography (CTA) volume-rendered images showing a focal aneurysmal 
dilation of distal portion of left common iliac artery (CIA) (left), aneurysms of common femoral arteries (CFAs) bilaterally (middle) extending to origins of superficial femoral 
arteries, (SFAs) and focal aneurysmal dilation of bilateral popliteal arteries (right). (Adapted from Cohen E, Doshi A, Lookstein R: CT angiography of the lower extremity circulation with 
protocols. In Mukherjee D, Rajagopalan S, editors: CT and MR angiography of the peripheral circulation: practical approach with clinical protocols, London, 2007, Informa UK Ltd., p. 140.)97
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Vasculitis

The two most common types of arteritis affecting the lower extrem
ity are thromboangiitis obliterans (TAO) (Buerger's disease) and  
Takayasu's arteritis (see Chapters 42 and 44 and Fig. 1410). 
Thromboangiitis obliterans typically affects the small to medium
sized arteries of the extremities, and primarily affects young male 
smokers. The distal nature of the disease may favor the use of CTA 
over MRA in light of the submillimeter resolution of the technique, 
which permits imaging of femoropopliteal occlusive disease extend
ing into the tibioperoneal circuit. The angiographic appearance is 
one of abrupt vessel occlusion or focal highgrade concentric ste
noses associated with extensive collateral circulation, resulting in a 
“corkscrew” appearance. Takayasu's arteritis mostly involves the tho
racic aorta and brachiocephalic vessels, with less frequent involve
ment of the abdominal aorta and visceral branches.109 Other forms 
of arteritis may affect the peripheral circulation but are uncommon. 
These include polyarteritis nodosa, Behçet's disease, and Kawasaki 
disease. As seen on CTA, the patterns and types of vessels involved 
are useful in distinguishing these entities.

Endovascular Stent Evaluation

Computed tomographic angiography may be used for evaluation of 
instent restenosis, particularly in proximal vessels such as the iliac 
and femoral arteries. This may require reconstruction with alternate 
kernels and adjustment of window levels. There are only limited 
data comparing CT to other modalities for evaluating peripheral 
stents,110 but there are emerging data for other circulatory beds that 
are similar or even smaller than lowerextremity vessels. For instance, 
a recent prospective study assessed renal instent restenosis in 86 
patients (95 stents).111 CTA had a negative predictive value of 100%, 
specificity of 99%, and positive predictive value of 90%. For renal 
artery instent restenosis, computed tomographic angiography was 
reported to have a specificity of 95% and positive predictive value 
of 56%. In the coronary circulation, sensitivity and specificity using 
64slice systems exceed 90%.112 In practice, these rates may be lower 
owing to significant publication bias in these reports.

Computed tomographic angiography is used to evaluate patients 
who have aortoiliac, aortofemoral, or axillofemoral bypass grafts.113 
Surveillance of grafts is important and is primarily performed by 
duplex ultrasound evaluation. Recent studies, however, suggest that 
CTA may be superior to duplex ultrasound evaluation.114 Attention 
must be paid to the cumulative radiation dose and the use of con
trast agents. Assessment of the graft should include careful evalu
ation of the proximal anastomotic area to exclude stenosis or 
aneurysm, the body of the graft, and the touchdown site of the graft.

OTHER INDICATIONS

A variety of other conditions represent less common indications 
for the use of peripheral CTA. These include persistent sciatic 
artery, popliteal entrapment, and cystic medial adventitial disease 
(Fig. 1411). Arteriovenous malformations and fistulas may be well 
delineated by acquiring images during the arterial and venous 
phase. Computed tomographic angiography imaging may be used 
to characterize congenital vascular anomalies.

Artifacts and Pitfalls of Computed 
Tomographic Angiography
There are several artifacts that can been seen with CT imaging. 
Artifacts include those that are patient related, procedure related, 
or reconstruction related. Three of the most common artifacts 
include motion artifact, beam hardening, and partial volume 
effects. Motion artifacts are due to patients’ body motion during 
scanning or inability to hold their breath. Beamhardening arti
facts are due to the passage of photons through structures such as 
pacemaker leads, metal clips, or calcium, resulting in lowerenergy 
photons being filtered out. As a consequence, dark areas are cre
ated next to these structures, which can affect assessment of lumen 

patency. Partial volume effects occur when parts of the voxel of a 
structure are affected by other structures with different attenuation 
properties. This results in averaging of the CT values for that voxel. 
As a consequence, the image appears distorted.

The most frequent artifacts that affect interpretation of CTA are 
deviations due to vascular segments affected by moderate to severe 
calcification or occupied by a stent. Selection of the adequate win
dowing set (≈1500 window width) may reduce the unavoidable 
blooming effect caused by structures with high signal attenuation. 
Crosssectional MPR images of the vessel of interest are helpful in 
visualizing, at least in part, the underlying lumen in the presence 
of intense calcification or a stent. Other interpretation pitfalls such 
as pseudostenoses or pseudoocclusions may potentially be gen
erated by inadequate image postprocessing (e.g., partial or total 
vessel removal during MIP image editing, inaccurate centerline 
definition in CPR images).

Summary
With recent advances in CT technology, CT has moved to the 
forefront for the diagnosis and assessment of vascular disease. 
Understanding CT technology is critical to applying the correct 
technique for evaluation of the vascular system. Although artifacts 
from severe vessel calcification and stents are potential limita
tions, the high spatial resolution and rapid throughput of CTA has 
enabled its widespread acceptance as a modality of choice in eval
uating vascular diseases.
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C H A P T E R  15  Catheter-Based Peripheral 
Angiography
Christopher J. White

Catheter-based invasive contrast angiography is the standard 
method for diagnosing peripheral artery disease (PAD), and against 
which all other methods are compared for accuracy. Angiography 
provides the “road map” on which therapeutic decisions are based. 
Knowledge of the vascular anatomy and its normal variations is a 
core element in the skill set required to safely perform peripheral 
vascular angiography and intervention.

Imaging Equipment
There are many radiographic equipment vendors and many differ-
ent room layout schemes suitable for performing peripheral vascu-
lar angiography. However, if both cardiac and noncardiac types of 
peripheral vascular angiography are to be performed in the same 
room, equipment options become much more limited. One angio-
graphic suite designed to perform both coronary and peripheral 
vascular angiography is a dual-plane system (Fig. 15-1). A dual-plane 
system encompasses a layout with two independent C-arm image 
intensifiers operated by a single x-ray generator and one computer. 
A dual-plane system is not synonymous with a biplane system, 
which is the simultaneous operation of an anteroposterior (AP) 
and lateral (LAT) image acquisition system. In a dual-plane  system, 
the cardiac C-arm is a three-mode flat-panel image intensifier, and 
the noncardiac C-arm should be as large as possible, usually a 
15- or 16-inch flat-panel image intensifier. For peripheral vascular 
imaging, particularly bilateral lower-extremity runoff angio graphy,  
an image intensifier smaller than 15 inches may not be able to 
include both legs in the same field. The noncardiac C-arm must be 
capable of head-to-toe digital imaging.

Ability to angulate the image intensifier is necessary to resolve 
bifurcation lesions and optimally image aorto-ostial branch lesions. 
Of the many imaging options available, those most often used include 
digital subtraction angiography (DSA), roadmapping, and a stepping 
table for lower-extremity (digital subtraction) runoff angiography.

Radiographic Contrast
Ionic low-osmolar or nonionic iodinated radiographic contrast is 
preferred for angiography of the peripheral vessels to avoid patient 
discomfort. Low-osmolar contrast agents produce fewer side 
effects (e.g., nausea, vomiting, local pain) and offer better patient 
tolerability. In addition, low-osmolar agents deliver a lesser osmotic 
load and thereby a lower intravascular volume, which may be 
important in patients with impaired left ventricular or renal func-
tion. Digital subtraction angiography is often preferred because 
nonvascular structures are removed and less contrast is required.

Alternatives to iodine-based radiographic contrast include car-
bon dioxide (CO

2) and gadolinium (gadopentetate dimeglu-
mine).1,2 To minimize the risk of distal embolization and stroke, it is 
recommended that CO2 not be used for angiograms above the dia-
phragm.3 Gadolinium, traditionally used with magnetic resonance 
imaging (MRI), is relatively nontoxic in patients with adequate renal 
function at a recommended dose not exceeding 0.4 mmol/kg.4

Imaging Technique
Many of the technical aspects of diagnostic cardiac imaging also 
apply to performing angiography of the aorta and peripheral vas-
culature. The basic principle of vascular angiography is not only 
to visualize the target lesion but also demonstrate the inflow and 
outflow vascular segments. Inflow anatomy constitutes the vascu-
lar segment preceding the target lesion, and outflow constitutes 
the vascular segment immediately distal to the target vessel and 
includes the runoff bed. For example, the inflow segment for the 
common iliac artery (CIA) is the infrarenal aorta, and the outflow 
segment is the external iliac and femoral vessels. The runoff bed 
would be the tibioperoneal vessels.

When performing selective arterial imaging, it is important for 
patients’ safety that a coronary manifold with pressure measurement 

9-in. Image Intensifier

16-in. Image Intensifier Table Rotates 90° Slave Monitor

FIGURE 15-1 Dual-plane catheterization laboratory. Note two C-arm image intensifiers (9- and 16-inch), with catheterization table able to rotate 90°.
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be used to monitor hemodynamic status and ensure that damping 
of the catheter has not occurred prior to injecting contrast. Use of 
pressure monitoring during selective angiography can prevent a 
myriad of complications—including the creation of dissections and 
air injection.

Angiography may be performed using a “bolus chase” cinean-
giographic method or with a digital subtraction stepping mode. 
The bolus chase technique involves injecting a bolus of contrast  
at the inflow of the territory, then “panning” or manually moving 
the image intensifier to follow the bolus of contrast through the 
 target lesion and into the run-off segment. In digital subtraction 
stepping mode, the patient lies motionless on the angiographic 
table. A “mask” of the segments to be imaged is taken, and then 
contrast is injected. The table moves in steps to image the contrast-
filled vessels, from which the mask is then subtracted, leaving only 
the contrast- filled vascular structures.

Obtaining Vascular Access
Vascular access for noncardiac diagnostic angiography is most 
commonly achieved at the common femoral artery (CFA), with 
alternative upper-extremity sites at the radial, brachial, or axillary 
artery.5 The most common complications of angiographic proce-
dures occur at vascular access sites.

A thorough understanding of the relationship of the CFA to 
anatomical landmarks is necessary to ensure safe CFA puncture 
(Fig. 15-2). The femoral artery and vein lie below the inguinal liga-
ment, which is a band of dense fibrous tissue connecting the ante-
rior superior iliac spine to the pubic tubercle. The inguinal skin 
crease, which is variable in location, is shown as a dotted line in the 
figure. Current recommendations are to use fluoroscopic guidance 
to image the femoral head to guide CFA puncture.6

The most important landmark for femoral access is the head of 
the femur. In a morphological study using CT images, there was not 
a single case in which a puncture would have passed cranial to the 
inguinal ligament or caudal to the femoral artery bifurcation if the 
CFA were entered at the level of the center of the femoral head.7 
Caudal to the femoral head, the CFA is encased in the femoral sheath 
and bifurcates into the superficial femoral artery (SFA) medially and 
the deep femoral artery (DFA) laterally. With these anatomical obser-
vations in mind, the importance of osseous support and entry of the 
needle into the CFA at the center of the femoral head is obvious.

Anatomical landmarks are initially identified by palpation of 
the anterior superior iliac spine and pubic tubercle to locate the 
inguinal ligament; position of the femoral head is confirmed fluo-
roscopically. Depending on the amount of subcutaneous fat, a skin 
incision should be made 1 to 2 cm caudal to the level of the center 
of the femoral head. The needle is directed in an oblique direction 
while palpating the CFA over the center of the femoral head. Once 
the CFA has been entered and brisk blood flow returns through the 
needle, a soft guidewire is advanced into the iliac artery, and a vas-
cular sheath is inserted to secure vascular access.

Complications of CFA puncture are most commonly related to 
arterial entry that is either too high or too low. When the puncture 
is too high, a retroperitoneal hemorrhage may occur.8 Presence 
of loose connective tissue in the retroperitoneal space can lead 
to large hematomas. Lack of osseous support and presence of a 
tense inguinal ligament at the arterial puncture site make  manual 
compression difficult. Low punctures may be complicated by 
formation of arteriovenous fistulas (AVFs), false aneurysms, and 
hematomas.

Abdominal Aortography and Lower-Extremity 
Runoff
For abdominal aortography, vascular access with a 4 F to 6 F 
 catheter is obtained in the CFA, although brachial or radial access 
may also be used. The angiographic catheter (e.g., pigtail, tennis 
racquet, omni flush) is positioned in the abdominal aorta such that 
the tip of the catheter reaches the level of the last rib. A power 
injector is used to deliver 20 to 30 mL of contrast at 15 mL/sec for 
digital subtraction (Fig. 15-3). Either biplane angiography may be 
obtained or, if needed, two separate angiograms with single-plane 
systems. Three visceral (mesenteric) arterial branches, the celiac 
trunk, superior mesenteric artery (SMA), and inferior mesenteric 
artery (IMA), arise from the anterior surface of the abdominal aorta 
(Fig. 15-4). The renal arteries originate from the lateral aspect of the 
abdominal aorta at the level of L1 to L2. The AP projection allows 
visualization of the aorta, renal arteries, and iliac artery bifurcation, 
whereas the LAT view demonstrates the origin of the celiac trunk 
and mesenteric arteries. Commonly in the AP view, the proximal 
portion of the SMA obscures the origin of the right renal artery. 
When this occurs, selective angiography of the renal artery may be 
required to visualize the origin of this vessel.

Generally, a nonselective abdominal aortogram is obtained 
before selective renal angiography, using a large format (9- to 

FIGURE 15-2 Schematic of common femoral artery (CFA) anatomical 
landmarks.

FIGURE 15-3 Femoral access. Pigtail catheter contrast injection of 20 mL/sec 
for 30 mL (5° left anterior oblique [LAO]) using a digital subtraction angiography 
(DSA) technique. Note bilateral renal artery stenosis.
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16-inch) image intensifier with digital subtraction imaging. The 
nonselective aortogram demonstrates the level at which the renal 
arteries arise, presence of any accessory renal arteries and their 
location, severity and location of aortoiliac pathology, and pres-
ence of significant renal artery stenosis. To optimize viewing of the 
renal arteries, the angiographic catheter should be placed below 
the origin of the SMA, and the image intensifier should be posi-
tioned such that the superior, inferior, and lateral borders of both 
kidneys are visualized. The ostia of the renal arteries are often bet-
ter seen with slight rotation of the image intensifier, usually into left 
anterior oblique (LAO) position.

Selective Renal Angiography
Selective renal angiography is indicated to identify suspected 
renovascular disease. Selective renal artery engagement allows 
measurement of pressure gradients, particularly if ostial lesions are 
suspected. When measuring pressure gradients across lesions, it is 
important to use the smallest catheter possible (i.e., ≤4 F) to avoid 
creating an artificial gradient. The 0.014-inch pressure wire (RADI) 
is the optimal method of pressure gradient measurement. Usually, 
selective renal angiography is performed with 4 F to 6 F diagnos-
tic catheters (Fig. 15-5) and a 9-inch image intensifier. Selective 
renal angiography is performed using hand injections with shal-
low oblique angulations to optimize visualization of the renal ostia 
(Figs. 15-6 and 15-7). Caudal or cranial angulation (15° to 20°) may 
occasionally be necessary for better visualization of some ostial 
lesions. An optimal image will reveal the ostial portion of the renal 
artery and distal branches at the cortex of the kidney.

Selective Mesenteric Angiography
As is the case for the renal arteries, nonselective aortography (AP 
and LAT) generally precedes selective angiography of the mesen-
teric arteries. Once the origin of the mesenteric vessel has been 
identified, selective angiography may be carried out in the LAT and 
oblique views using 4 F to 6 F catheters (Fig. 15-8). The celiac trunk, 
SMA, and IMA arteries arise from the anterior surface of the aorta. 
There commonly are collaterals between the mesenteric vessels, 
and it is uncommon for stenosis or occlusion of a single branch to 
cause clinical symptoms.

The mesenteric arteries often arise at an inferior (caudal) 
angle from the abdominal aorta, for which a shepherd's crook 
 catheter via femoral artery access is helpful for selective engage-
ment. Alternatively, upper-extremity vascular access allows the 
mesenteric arteries to be engaged with a multipurpose-shaped 
catheter. Analogous to the renal arteries, selective engagement of 
the mesenteric arteries also allows measurement of the pressure 
gradient. Selective angiographic images in multiple views are 
obtained with hand injections of contrast.

Aortoiliac and Lower-Extremity Angiography
The abdominal aorta bifurcates into the common iliac arteries 
(CIA), which bifurcate into the internal (IIA) and external (EIA) 
iliac arteries (Fig. 15-9). The IIA is often referred to as the hypogas-
tric artery because this vessel commonly provides collateral circu-
lation to the viscera. The EIA emerges from the pelvis just posterior 
to the inguinal ligament. At the level of the inguinal ligament, two 
small branches originate from the EIA: the inferior epigastric artery, 
which follows a medial direction, and the deep iliac circumflex 
artery, which takes a LAT and superior direction.

FIGURE 15-4 Femoral access. Lateral (LAT) aortogram. Aorta (Ao), with 
celiac trunk (Ce) and superior mesenteric artery (SMA) arising from anterior 
aortic surface.

FIGURE 15-5 Selective renal angiographic catheters. Left, Sos. Middle, 
Cobra. Right, Internal mammary artery (IMA) catheter.

FIGURE 15-6 Femoral access. Internal mammary artery (IMA) catheter 
selectively engaged in right renal artery.
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On crossing the inguinal ligament, the EIA becomes 
the CFA, which lies over the femoral head. When it reaches 
the lower third of the femoral head, the CFA divides into the 
SFA and profunda femoris, or DFA. The DFA runs posterolat-
erally along the femur. The SFA continues down the antero-
medial thigh, and in its distal portion dives deeper to enter 
Hunter's (adductor) canal and emerges as the popliteal 
artery (Fig. 15-10).

Below the knee, the popliteal artery bifurcates into the anterior 
tibial (AT) artery and tibioperoneal trunk (TPT). The AT artery runs 
laterally and anterior to the tibia toward the foot and continues onto 
the foot as the dorsalis pedis (DP) artery. The TPT bifurcates into 
the posterior tibial (PT) and peroneal arteries (Fig. 15-11). The PT 
artery courses posteriorly and medially in the calf, whereas the pero-
neal artery runs near the fibula between the AT and PT arteries. On 
the dorsum of the foot, the DP artery has lateral and medial tarsal 
branches. After the PT artery passes behind the medial malleus, it 
divides into medial and lateral plantar arteries. The lateral plantar 
and distal DP arteries join to form the plantar arch.

Vascular access for diagnostic aortoiliac and lower- extremity 
angiography is obtained in the CFA, preferentially in the least 
symptomatic extremity, although upper-extremity access (axillary, 
brachial, or radial) may also be used. A 4 F to 6 F pigtail catheter is 
positioned above the aortic bifurcation. The preferred technique is 
to use DSA with a stepping table and a large (15- or 16-inch) format 
image intensifier so that both legs are imaged together. A single 
bolus of contrast is injected from the catheter at the aortic bifurca-
tion at 8 to 12 mL/sec for 8 to 10 seconds, and sequential images 
are obtained from the aorta to the feet.

Selective angiograms performed in angulated views of a par-
ticular artery or arterial segments are useful when clarification of 
a potential stenosis is needed. One option is to place a diagnostic 
catheter at different levels in the iliac, femoral, or popliteal artery 
for a more detailed examination of a particular arterial segment. 
If access has been obtained in the CFA and the arterial segment 
in question is located in the contralateral extremity, a 4 F internal 
mammary catheter is positioned at the level of the aortic bifurca-
tion, with the tip of the catheter selectively engaged in the contra-
lateral CIA (Fig. 15-12). An angled guidewire is advanced to the 
CFA, and the diagnostic catheter is advanced over the guidewire 
to the area of interest.

Several angiographic views are important to mention because 
they help clarify anatomical detail. In the AP view, there is often 
overlapping of the origin of the external and internal iliac arteries, 
and ostial stenoses in either or both vessels may be missed. The 
contralateral oblique view (20°) with 20° of caudal angulation is 
very useful to separate these vessels (Fig. 15-13).

Overlap at the origin of the SFA and DFA arteries commonly 
occurs in the AP projection and can be improved with a 20° to 30° 
LAT oblique view.9 Another common source of artifact may occur 
when the tibial arteries overlie the relatively radiodense bony peri-
osteum of the tibia or fibula. In that case, slight angulation will 
move the artery in question off the bony density to allow better 
visualization.

Aortic Arch and Brachiocephalic Vessels
The aortic arch includes portions of the ascending, transverse, and 
descending aorta (Fig. 15-14). The thoracic aorta gives rise to the 
brachiocephalic trunk in the proximal portion of the arch, the left 
common carotid artery in the mid-portion, and the left subclavian 
artery in the distal portion. In 10% to 20% of cases, the left common 
carotid artery originates from the brachiocephalic trunk, an ana-
tomical variation known as a bovine arch (Fig. 15-15). Other com-
mon variations include the left vertebral artery originating directly 
from the aortic arch, between the left common carotid artery and 
left subclavian artery, and the right subclavian artery originating 
from the aortic arch distal to the origin of the left subclavian artery.

Thoracic aortography is commonly performed to diagnose path-
ological entities such as stenoses of the origin of the great vessels, 
aneurysms, aortic dissection, coarctation of the aorta, patent duc-
tus arteriosus, and vascular rings, and to evaluate vascular injuries 
caused by blunt or penetrating chest trauma.10 Vascular access is 
most often obtained at the CFA, although the brachial or radial 
approaches are also useful. A pigtail catheter is advanced into the 
ascending aorta and positioned proximal to the brachiocephalic 
trunk. Using a power injector, radiographic contrast material is 
injected at 15 to 20 mL/sec for a total of 2 to 3 seconds. The LAO 

FIGURE 15-7 Upper-extremity access. Selective left renal artery engagement 
with multipurpose catheter.

FIGURE 15-8 Selective superior mesenteric angiography in lateral 
(LAT) projection, with internal mammary artery (IMA) catheter. Note 
ostial stenosis (arrow).
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FIGURE 15-9 Aortoiliac angiography. 
Pigtail catheter contrast injection of 20 mL/sec 
for a total of 30 mL.

FIGURE 15-10 Common femoral arteries 
(CFA) branching into deep femoral artery 
(DFA) and superficial femoral artery (SFA).
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projection (30° to 60°) separates the ascending from the descend-
ing aorta and allows good visualization of the origin of the great 
vessels (see Fig. 15-14).

The brachiocephalic trunk, left common carotid artery, and sub-
clavian arteries originate from the transverse thoracic aorta. The 
brachiocephalic trunk or innominate artery divides into the right 
common carotid artery and the right subclavian artery. The com-
mon carotid arteries run lateral to the vertebral bodies and bifur-
cate into the external and the internal carotid arteries at about the 
level of the fourth cervical vertebra (Fig. 15-16). In its extracranial 
portion, the internal carotid artery has no branches. On entering the 
skull, the internal carotid artery makes a sharp turn at the carotid 
siphon and thereafter divides into the middle (MCA) and anterior 
(ACA) cerebral arteries, from which the anterior communicating 
artery forms the anterior portion of the circle of Willis (Fig. 15-17).

Carotid Angiography
Selective carotid angiography is usually performed after obtaining 
an aortic arch aortogram in the LAO view, which allows the oper-
ator to visualize the origin of the brachiocephalic trunk and left 
common carotid artery. Using that same LAO angle, the brachio-
cephalic trunk is engaged with a diagnostic catheter (Fig. 15-18).

Once the origin of the common carotid artery has been 
engaged with a guidewire, the catheter is advanced into the com-
mon carotid artery over the wire. Care must be taken to clear the 
catheters and manifold of air and debris before injecting into the 
carotid artery. Carotid angiograms are obtained in the AP, oblique, 
and LAT views.

Because of the dense bony structure of the skull, it is preferable 
to use digital subtraction techniques for diagnostic images of the 
intracranial vascular anatomy. A 12-inch or larger image intensifier 
is optimal for intracranial angiography. It is important to emphasize 
using DSA for the intracranial portion of the internal carotid artery 
and its branches in the AP and LAT views. This enables assessment 
of the circle of Willis and demonstrates the presence of any collat-
eral circulation.

Subclavian Angiography
Important branches of the subclavian artery include the vertebral 
(superior) and internal mammary (inferior) arteries (Fig. 15-19). The 
vertebral artery, the first and usually largest branch of the subclavian 
artery, arises from the superior and posterior surface of the subcla-
vian. The AP view will disclose stenosis in the proximal subclavian 
artery (the left subclavian artery is affected three to four times as 
frequently as the right subclavian artery). In patients with a tortuous 
proximal left subclavian artery, a steep right anterior oblique (RAO) 
view with caudal angulation may help elucidate a proximal stenosis. 
If the proximal portion of the right subclavian artery is  suspected of 
having a lesion, the AP view may not show the stenosis because of 
overlap with the origin of the right common carotid artery. A steep 
RAO caudal view (40°-60° RAO and 15°-20° caudal) will  usually 
separate the ostia of these two vessels (Fig. 15-20).

Vertebral Angiography
The vertebral arteries are identified on the aortic arch aorto-
gram. Often, a nonselective injection of contrast in the subclavian 
artery near the origin of the vertebral artery is performed to view 
ostial lesions. Cranial angulation (30°-40°) with shallow oblique 
views (RAO or LAO), may be necessary to view the origin (see 
Fig. 15-19). Nonselective angiography is preferred to avoid trauma 
when engaging the ostium of the vertebral artery with an angled 
catheter (Judkins right coronary, Berenstein, Cobra, or internal 
mammary artery catheter). Typically the catheter is placed very 
near the ostium, and hand injections of contrast are made to visu-
alize the vertebral artery.

The vertebral artery runs cranially through the foramina of the 
transverse processes of the cervical vertebrae to the base of the skull 

Popliteal

Peroneal

Tibioperoneal

Posterior
Tibial

Anterior
Tibial

FIGURE 15-11 Left popliteal artery bifurcates into anterior tibial 
(lateral) and tibioperoneal trunk, which then divides into posterior 
tibial (medial) and peroneal arteries.

FIGURE 15-12 Drawing illustrating contralateral iliac access for 
selective angiography.
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(Fig. 15-21). After penetrating the foramen of the atlas, it enters the 
cranial cavity through the foramen magnum. The first branch of the 
vertebral artery, located in its V4 segment, is the posterior inferior cer-
ebellar artery (PICA). The vertebral artery joins with the contralat-
eral vertebral artery to form the basilar artery (Fig. 15-22).

Nonselective angiography is performed with hand injections, 
using a coronary manifold with pressure monitoring, analogous to 
selective coronary angiography. Anteroposterior and LAT views of 
the extracranial and intracranial course of the vertebral and basi-
lar arteries should be performed with a DSA technique. Similar to 
views of the anterior cerebral circulation, it is important to deter-
mine the contribution of the posterior circulation to the circle of 
Willis.

Complications of Peripheral Vascular 
Angiography
Complications of peripheral vascular angiography may lead to 
significant morbidity or even mortality.5 Complications may be 
thought of in three categories: (1) access site related, (2) systemic, 
or (3) catheter induced.11 The best strategy to minimize these com-
plications is to anticipate and avoid them.

Access Site–Related Complications
Vascular access site–related complications include hematoma for-
mation, retroperitoneal hemorrhage, pseudoaneurysm formation, AVF 
creation, and infection. Access site bleeding is the most frequent 
complication following femoral arterial access.12 It is important to 
note that femoral closure devices shorten time to ambulation but 
also add cost without reducing complications.13 Management of 
access site bleeding depends on the severity and hemodynamic 

FIGURE 15-13 Selective left common 
iliac angiography (20° left anterior oblique 
[LAO] and 20° caudal view) demonstrating 
origin of internal iliac artery (IIA) (ostial 
stent present) and external iliac artery (EIA). 

FIGURE 15-14 Aortic arch and brachiocephalic vessels. Digital subtraction 
angiogram injection of 15 mL per second of contrast material for 3 seconds, with 
image obtained at 30° left anterior oblique (LAO). CCA, common carotid artery.
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FIGURE 15-15 Bovine aortic arch 
angiogram injection of 15 mL of contrast per 
second for 3 seconds (total 45 mL contrast) 
at 45° left anterior oblique (LAO). L.CCA, left 
common carotid artery; R.ECA, right external 
carotid artery; R.ICA, right internal carotid artery; 
R.IMA, right internal mammary artery.

FIGURE 15-16 Common carotid bifurcation. External carotid artery is 
marked by presence of branch vessels.

ACA

MCA

FIGURE 15-17 Intracranial carotid arteries (anteroposterior [AP] view). 
Internal carotid artery branches into middle cerebral artery (MCA) and anterior 
cerebral artery (ACA).
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consequences of bleeding. In general, access site bleeding may be 
controlled by manual or mechanical compression and reversal of 
anticoagulation. If bleeding continues despite these steps, more 
aggressive therapies—including percutaneous intervention or sur-
gical therapy—may be considered.14

Signs and symptoms of retroperitoneal bleeding include hypo-
tension, abdominal distention or fullness, and pain. Diagnosis 
of retroperitoneal bleeding may be confirmed by computed 
tomography (CT) or abdominal/pelvic ultrasound. If retroperito-
neal bleeding is suspected, anticoagulation should be reversed 
and discontinued. Volume resuscitation with crystalloid solu-
tions and/or blood products should be administered if volume 
depletion is clinically evident. If bleeding causes hemodynamic 
embarrassment (hypotension), emergency angiography from the 
contralateral femoral artery access site should be performed to 
identify the bleeding site. Once the bleeding site has been identi-
fied, tamponade of bleeding with balloon occlusion will stabilize 

FIGURE 15-18 Commonly used brachiocephalic and carotid 
angiographic catheters.

Vertebral Artery

IMA

Subclavian

FIGURE 15-19 Left subclavian angiogram showing vertebral artery 
arising superiorly and internal mammary artery (IMA) arising inferiorly.

FIGURE 15-20 Proximal right subclavian stenosis (arrow), 
seen best at 40° right anterior oblique (RAO) and 20° of caudal 
angulation. IMA, interior mammary artery.

FIGURE 15-21 Drawing of vertebral artery, divided into four 
anatomical segments that course through cervical spine foramina.
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the patient. If prolonged balloon inflation is not effective in stop-
ping blood loss, consideration may be given to placing a covered 
stent to seal the leak. Open surgical repair may also be an option 
to consider.14

A pseudoaneurysm occurs when a hematoma communicates 
with the arterial lumen. Low arterial punctures (SFA or profunda 
femoris artery entry) are associated with pseudoaneurysm forma-
tion. Other risk factors include female sex, age older than 70 years, 
diabetes mellitus, and obesity.

Patients with pseudoaneurysms often present with pain at the 
access site several days following the intervention. On physical 
examination, a pulsatile hematoma may be present with a systolic 
bruit. Management of a femoral pseudoaneurysm is dependent 
on its size, severity of symptoms, and need for continued antico-
agulation. A small pseudoaneurysm (<2 cm) may be observed and 
often will resolve spontaneously. Larger pseudoaneurysms may be 
treated with ultrasound-guided compression, percutaneous off-
label thrombin injection, endovascular coil insertion, or covered 
stents. Surgical repair of pseudoaneurysms is usually reserved for 
failure of less invasive approaches.14

An AVF complicates vascular access when the needle punc-
tures the femoral artery and nearby vein, creating a fistulous 
communication when the sheath is removed. The risk of creat-
ing an AVF is increased by either a high or low femoral punc-
ture, multiple puncture attempts, or prolonged clotting times. 
Fistulae may not be clinically evident for several days follow-
ing the  procedure. An AVF is characterized by a continuous to-
and-fro murmur over the access site. In some cases, there may 
be a swollen and tender extremity due to venous dilation, and 
in severe circumstances, arterial insufficiency (steal syndrome) 
may occur. Diagnosis of an AVF can be confirmed by color flow 
Doppler ultrasound.

Most AVFs following femoral access are small, not hemody-
namically significant, and close spontaneously. Symptomatic 
AVFs require closure to prevent increased shunting and distal 
swelling and tenderness.15 Surgical repair, traditional therapy 

for closure of catheterization-related AVFs when necessary, has 
been replaced by percutaneous methods in most circumstances. 
Surgical correction is reserved for those patients who fail a less 
invasive approach.

Vascular access closure devices are designed to facilitate 
hemostasis, reduce time to ambulation, and decrease length 
of hospital stay. All devices currently approved by the U.S. 
Food and Drug Administration (FDA) have shown favorable 
results. However, these devices are prone to specific complica-
tions and have not been demonstrated to reduce access site 
complications.16

Systemic Complications
Systemic complications relate to allergic and anaphylactic reac-
tions, as well as nephrotoxicity caused by iodinated contrast 
agents. Allergic or anaphylactic reactions occur in fewer than 3% 
of cases, and fewer than 1% require hospitalization.

Nonoliguric creatinine elevation, which peaks within 2 to 
3 days and returns to baseline by 7 days, is the usual clinical 
scenario of contrast-induced nephrotoxicity. Patients at risk for 
 contrast-induced nephropathy are those with baseline chronic 
renal insufficiency, diabetes mellitus, multiple myeloma, and 
those who are receiving other nephrotoxic drugs (e.g., amino-
glycosides). All patients in general, but those at risk to develop 
 contrast-induced nephropathy in particular, should be well 
hydrated before and after the procedure, and the amount of con-
trast volume should be minimized. One randomized trial reported 
that in patients with renal insufficiency, Iodopaque (iso-osmolar, 
 nonionic) is less nephrotoxic than Omnipaque (low osmolar, 
nonionic) contrast, but there are conflicting studies.17 Mucomyst 
(N-acetylcysteine) has shown mixed results in preventing contrast 
nephropathy.18,19 The Acetylcysteine for the Prevention of Contrast-
Induced Nephropathy (ACT) trial, a pragmatic multicenter ran-
domized trial that evaluated acetylcysteine in patients undergoing 
coronary and vascular angiography was the largest randomized 
trial conducted to date. However, it demonstrated that acetylcyste-
ine was ineffective in preventing contrast-induced nephropathy.20

Diuretics do not protect against contrast-induced nephrotox-
icity. Hydration with half-normal saline for 12 hours before and 
after the procedure provides better protection against creatinine 
rise than the combination of hydration and diuretics. Two pro-
spective trials have demonstrated that mannitol does not reduce 
contrast nephropathy.

Catheter Related Complications
Catheters may disrupt atherosclerotic plaque and cause athero-
emboli (also see Chapter 47). When catheters are manipulated in 
the aorta or brachiocephalic vessels during a thoracic aortogram, 
stroke is a rare but potentially devastating complication.5,21,22 
In general, asymptomatic patients have a lower risk, whereas 
patients who undergo angiography in the setting of transient isch-
emic events have a slightly higher complication rate. Patients who 
develop a neurological complication should have an immediate 
neurological assessment, and angiography of the culprit vessel 
should be obtained prior to an emergency CT scan. If an embolic 
stroke has occurred, one option is to perform catheter-directed 
thrombolysis and/or angioplasty. In the presence of intracerebral 
hemorrhage, anticoagulants and antiplatelet agents should be 
reversed.

Atheroembolism is another cause of renal insufficiency fol-
lowing angiography. Unlike contrast-induced nephropathy, renal 
dysfunction after atheroembolization usually develops slowly 
(weeks to months) and some of these patients progress to renal 
failure. Diagnosis is confirmed by tissue examination (biopsy), 
and treatment is supportive. Systemic manifestations of athero-
embolism include livedo reticularis, abdominal or foot pain, 
and purple toes associated with systemic eosinophilia (blue toe 
syndrome).

PCA

AICA

PICA

Basilar
artery

FIGURE 15-22 Proximal vertebral artery segment visualized with 
subclavian angiography. AICA, anterior inferior cerebellar artery; PCA, 
posterior cerebral artery; PICA, posterior inferior cerebellar artery.
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Peripheral artery disease (PAD) is generally defined as partial or com-
plete obstruction of one or more peripheral arteries due to atheroscle-
rosis. Although the term PAD is sometimes inclusive of all peripheral 
arteries, in this chapter PAD refers to atherosclerotic occlusive disease 
of the lower extremities. Peripheral artery disease is associated with 
many of the same risk factors as atherosclerotic cardiovascular and 
cerebrovascular diseases, and is very common among the elderly. 
Peripheral artery disease that exhibits typical symptomatology, usually 
in the form of leg pain brought about by walking, has been conserva-
tively estimated to reduce quality of life in at least 2 million Americans, 
and in some cases leads to a need for surgical  revascularization or 
amputation.1 Six million more Americans have measurable asymp-
tomatic disease or disease with atypical symptoms.2 Both  symptomatic 
and asymptomatic PAD have been shown to be  associated with a 
sharply elevated risk of mortality due to  coronary and  cerebrovascular 
disease.3

Symptoms and Measures of Peripheral 
Artery Disease in Epidemiology
It was recognized as long ago as the 18th century that insufficient 
blood supply to the legs could cause pain and dysfunction in the 
same way deficient coronary circulation could lead to angina. 
This type of pain is known as intermittent claudication and is char-
acterized as leg pain or discomfort associated with walking and 
relieved by rest. Intermittent claudication is generally indicative of 
exercise-induced ischemic leg pain, primarily in the calf, caused 
by PAD.

Early studies of PAD focused primarily on claudication as the 
chief symptomatic manifestation of PAD. A number of patient 
questionnaires have been developed to uniformly identify clau-
dication and distinguish it from other types of leg pain. The first 
of these was the Rose questionnaire, also referred to as the World 
Health Organization questionnaire.4 The San Diego Claudication 
Questionnaire (SDCQ) is a modification of the Rose question-
naire that additionally captures information on the laterality of 
symptoms.5 Recently we completed an evidence-based shortened 
 revision of the SDCQ that is shown in Table 16-1.

Ankle-Brachial Index
Although intermittent claudication is an important manifesta-
tion of PAD, it is not pathognomonic. Atherosclerosis may have 
been developing for many years before claudication begins, and 
the extent to which it occurs is influenced by factors other than 
 disease per se, such as the patient's level of activity.6 Furthermore, 
the definitional distinctions used to separate claudication from 
other leg pain make claudication more specific to arterial disease 
but less sensitive to other types of pain that may in some cases 
be related to arterial disease. Spinal stenosis can cause leg pain 
 similar to claudication during exercise.

For these reasons, another method of diagnosing PAD was 
needed. Low blood pressure at the ankle was proposed as a test for 
PAD as early as 19507 and led to development of a simple measure 
called the ankle-brachial index (ABI). The ABI is the ratio of the sys-
tolic blood pressure at the ankle to that in the arm. An abnormally 
low ABI is indicative of atherosclerosis of the lower extremities. The 
ABI has been shown to have good receiver operating curve charac-
teristics as a test for PAD. Although there is no definitive cut point 
above which disease is always absent and below which disease 
is always present, an ABI of 0.9 or less is commonly used in both 
 clinical practice and epidemiological research to diagnose PAD. 
The ABI is also sometimes referred to as the ankle-brachial  pressure 
index (ABPI)8 and the ankle-arm index (AAI).9

As a test for ABI-based PAD, claudication has been shown to 
have very high specificity but very low sensitivity. For example, in 
the Rotterdam Study, 99.4% of subjects with ABI 0.9 or greater did 
not have claudication, but only 6.3% of subjects with ABI of less 
than 0.9 had claudication.10 In a study of elderly women in the 
United States, the percentages were 93.3% and 18.3%, respectively.6 
Peripheral artery disease based on ABI criteria is much more com-
mon than claudication in the general population, and large num-
bers of patients without claudication can be shown to have either 
atypical or no symptoms in the presence of PAD based on ABI.

To validate the ABI and the huge burden of previously unrec-
ognized asymptomatic disease it implied, early studies compared 
the ABI-based diagnosis with angiography, which was considered 
the gold standard for visualizing atherosclerosis in the legs. Two 
such studies often cited reported the sensitivity and specificity of 
the ABI in the 97% to 100% range.11,12 However, because angiogra-
phy presents some risk to patients, it was not ethical to  perform 
 angiography on patients not suspected to have PAD, so these 
 studies involved comparisons of patients with angiographically 
confirmed PAD with young healthy patients assumed not to have 
PAD. The sensitivities and specificities calculated are therefore 
based on the ability of the ABI to discriminate between extremes 
of disease and wellness. If measured among patients seen in rou-
tine clinical practice or the population in general, the specificity of 
the ABI remains in the 97% + range, but the sensitivity is somewhat 
less—closer to 80%13—in part due to some PAD patients with stiff 
peripheral arteries and false-negative ABIs.14

The ABI has been demonstrated to have strong associa-
tions with cardiovascular disease risk factors and disease out-
comes. In the Cardiovascular Health Study (CHS) cohort, a 
dose-response relationship was demonstrated between ABI and 
 cardiovascular disease risk factors, as well as both clinical and 
subclinical cardiovascular disease.15 In a study in Edinburgh, 
asymptomatic patients with an ABI of less than 0.9 were shown 
to have a higher risk of developing claudication and higher 
mortality.16 In a clinical study, patients with an ABI of less than 
0.9 who did not have exertional leg pain were shown to have 
poorer lower-extremity functioning even after adjustment for 
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traditional risk factors and  comorbidities.17 The ABI correlates 
with ability to exercise as measured on an accelerometer,18 and 
an ABI of less than 0.6 is related to development of walking 
impairment.19 Thus, even aside from its association with clau-
dication, the ABI is related to the types of functional outcomes, 
risk factors, and associated diseases that one would expect of 
a measure of PAD. The ABI has also been shown to have high 
 intra- and inter-rater reliability.20

In practice, the ABI is measured using a blood pressure cuff, a 
standard sphygmomanometer, and a Doppler instrument to detect 
pulses. Pressure measurements are made with the patient at rest in 
a supine position for 5 minutes prior to measurement. Ankle pres-
sure is measured in both legs at the dorsalis pedis and posterior 
tibial arteries. The higher pressure measurement in each ankle has 
traditionally been used as the numerator of the ABI for that ankle. 
Using the lower or average pressure can substantially change esti-
mates of PAD prevalence; one study reported 47% prevalence 
based on the higher pressure versus 59% based on the lower.20 
Results of two recent studies support the use of the average of 
dorsalis pedis and posterior tibial pressures as the ankle pressure 
for each leg, based on superior reproducibility in repeated tests 
and closer statistical association with leg function.20,21 However, 
the  relative predictive value of the higher versus the average (or 
 perhaps the lower) of the two ankle pressures for clinical events 
has not yet been evaluated. Practice also differs as to the brachial 
pressure used as the denominator of the ABI; the same brachial 
pressure is usually used for both left and right ABIs in the same 
patient, but that pressure may be the right arm, the average of 
both arms, or the highest of both arms. A recent study supports 
use of the average of the left and right arms, based on superior 
 reproducibility,21 but another study shows a strong correlation 
between PAD and subclavian stenosis, suggesting the highest arm 
pressure should be used in the ABI calculation.22 Another issue is 
that the first arm pressure measured is typically higher because of 
the “white coat” effect, and a repeat of the first arm pressure after 
the other pressures are complete will often give a more accurate 
reading. Based on the numerators and denominators described, 
separate ABIs are calculated for the left and right legs of each 
 subject. In epidemiological analyses, the unit of analysis is either 
the leg, with appropriate statistical adjustments for intrasubject 
correlation, or the subject, with disease status classified based on 
the “worst” limb (i.e., the limb with the lowest ABI).

The ABI has several limitations as a measure of PAD. Occlusive 
disease distal to the ankle is not detected by the ABI; other 

 measures, such as pressure ratios using pressures measured in the 
toe, are required for detecting such distal disease. The ABI is also 
sensitive to the height of the patient, with taller patients having 
slightly higher ABIs; it is unlikely these differences are related to 
real differences in PAD.23,24 Similarly, it has been noted in several 
studies that the ABI of the left leg tends to be slightly lower on 
average than the ABI of the right leg.23,24 Recent data also docu-
ment that ABIs in normal subjects, on average, are slightly lower in 
women and African Americans.25

Arterial calcification (medial calcinosis) can make the arteries 
of the ankle incompressible and lead to artificially high ABI values. 
This is particularly common in patients with diabetes.26,27 Ankle-
brachial index values above 1.5 are often excluded in epidemiolog-
ical analyses and should be viewed with suspicion clinically.6,15,28–30 
In two large population-based studies in the United States, the pro-
portion of patients with such elevated values was around 0.5%.15,30 
Some investigators use the more conservative cut point of 1.3. New 
 evidence suggests 1.4 may be a good compromise.31,32

Incidence and Prevalence of Peripheral 
Artery Disease
Although uncommon among younger people, the prevalence of 
PAD rises sharply with age to include a substantial proportion of 
the elderly population. Figure 16-1 shows some ABI-based esti-
mates of PAD prevalence by age from six large studies.10,15,33–36 
In four of the studies, the standard ABI of less than 0.9 criterion 
was used; in the Limburg Study, PAD was diagnosed based on two 
ABI measurements of less than 0.95,35 whereas in the Rancho 
Bernardo Study, a combination of a conservative ABI cut point 
of 0.8 and other noninvasive tests was used.33 Although estimates 
vary, prevalence appears to be well under 5% before age 50, 
around 10% by age 65 and in excess of 25% in patients 80 years 
of age or older. All studies show this stronger-than-linear relation-
ship of prevalence to age, although there is some variability in 
the age at which  prevalence begins to increase most dramatically.

Estimates of PAD incidence are reported somewhat less fre-
quently in the literature, with more data based on claudication 
incidence than on ABI. With respect to claudication, data from 
the Framingham Study show claudication in men rising from less 
than 0.4 per 1000 per year in men aged 35 to 45 years to more than 
6 per 1000 per year in men aged 65 years and older.37 Incidence 
among women ranged from 40% to 60% lower by age, although 

Circle Answer  
1. Do you get pain or discomfort in either leg on walking? (If no, stop.) Right leg Yes No

Left leg Yes No
2. Does this pain ever begin when you are standing still or sitting? Right leg Yes No

Left leg Yes No
3. Does this pain include your calf/calves? Right leg Yes No

Left leg Yes No
4. Do you get it when you walk at an ordinary pace on the level? Right leg Yes No

Left leg Yes No
5. What do you do if you get it when you are walking? Right leg  Stop or slow down

  Continue on
Left leg Stop or slow down
  Continue on

6. What happens to it if you stand still? Right leg Lessened or relieved
  Unchanged
Left leg Lessened or relieved
  Unchanged

TABLE 16-1 San Diego Claudication Questionnaire (Brief Version)

Determine pain category separately for each leg as follows:
1. No pain: 1 = no
2. Pain at rest: 1 = yes and 2 = yes
3. Non-calf: 1 = yes and 2 = no and 3 = no
4. Classic: 1 = yes and 2 = no and 3 = yes and 4 = yes and 5 = stop or slow down and 6 = lessened or relieved
5. Atypical calf: 1 = yes and 2 = no and 3 = yes and not classic
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estimates in men and women were similar by age 65 to 74. In a 
group of Israeli men, incidence of claudication ranged from 6.3 
per 1000 per year at ages 40 to 49 to 10.5 per 1000 at age 60 and 
greater.1 In a study of 4570 men from Quebec, claudication inci-
dence rose from 0.7 per 1000 per year at ages 35 to 44, to 3 per 
1000 per year at ages 45 to 54, 7 per 1000 per year at ages 55 to 63, 
and 9 per 1000 at age 65 and greater.38 In the Speedwell Study that 
followed English men aged 45 to 63 years for 10 years, claudica-
tion incidence per 1000 per year ranged from 3.1 in the youngest 
to 4.9 in the oldest age group, based on age at baseline examina-
tion.39 A higher incidence of 15.5 per 1000 per year was reported 
among men and women aged 55 to 74 in the Edinburgh Artery 
Study; however, this study did not apply strict Rose criteria for 
probable claudication.40

In the Reykjavik Study, Ingolfsson et al. used Poisson regression 
techniques to conclude that intermittent claudication rates among 
Icelandic men dropped significantly between 1968 and 1986. 
Among 50-year-old men, their estimate of the rate of  claudication 
dropped from 1.7 per 1000 per year in 1970 to 0.6 per 1000 per 
year in 1984, whereas in 70-year olds, the rate of claudication 
dropped from 6.0 to 2.0.41 The authors attributed this to decreased 
smoking and cholesterol levels. The design and duration of this 
study were uniquely suited to estimating long-term trends in 
 disease incidence; comparable studies for other populations are 
unavailable. The potential for trends of this magnitude should be 
 considered in reviewing results of other studies. Figure 16-2 shows 
 incidence rates by age for various studies identifying PAD based 
on claudication.1,37–39,41

There are very few ABI-based studies of PAD incidence, given the 
time and resources required to periodically retest study subjects 
for incident disease. In the Limburg PAOD Study, incidence rates 
for PAD were based on two ABI measurements of less than 0.95. 
Among men, annual incidence was 1.7 per 1000 at ages 40 to 54; 1.5 
per 1000 at ages 55 to 64; and 17.8 per 1000 at ages 65 and greater. 

Annual incidence in women was higher: 5.9, 9.1, and 22.9 per 1000, 
respectively, for the same age groups.42

Sex differences in incidence and prevalence of PAD are less 
clear than those in other cardiovascular diseases.

Claudication incidence and prevalence have usually been 
found to be higher in men than women. For example, in the 
Framingham Study, annual claudication incidence for all ages 
combined was 7.1 per 1000 in men versus 3.6 per 1000 in women, 
for a male-to-female ratio of 1.97.37 In the Framingham Offspring 
Study, claudication prevalence was 1.9% in men versus 0.8% 
in women (ratio = 2.38), whereas in the Rotterdam Study it was 
2.2% in men versus 1.2% in women (ratio = 1.83).10,30 However, the 
Edinburgh Artery Study and the Limburg PAOD Study found much 
lower male-to-female ratios of claudication prevalence of 1.11 and 
1.2, respectively.23,35

The case for an excess of disease among males is even weaker for 
PAD diagnosed based on ABI. This is true even in those studies find-
ing a clear male excess with respect to claudication. For example, 
in the Framingham Offspring Study mentioned earlier, PAD based 
on ABI was found in 3.9% of men and 3.3% of women, for a ratio 
of 1.18.30 In the Rotterdam Study, ABI-based PAD was actually lower 
in men than in women, with prevalences of 16.9% and 20.5% for 
a ratio of 0.8210. The Limburg PAOD Study, which reported a low 
 male-to-female ratio for claudication, reported a similarly low ratio 
of 1.1 for ABI-based PAD.35 A population-based study from Southern 
Italy found prevalences of PAD based on ABI of less than 0.9 to be 
very similar in men and women, with male to female ratios by age 
of .89 to .99.43 In the CHS, ABI of less than 0.9 was somewhat more 
prevalent in men than women (13.8% vs. 11.4%; ratio = 1.21), but the 
association of disease with sex was not significant after adjustment 
for age and cardiovascular disease status.15 In the Atherosclerosis 
Risk in Communities (ARIC) Study, PAD prevalence based on 
ABI was actually lower in men than women among both African 
Americans (3.3% vs. 4.0%) and whites (2.3% vs. 3.3%).44
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FIGURE 16-1 Peripheral artery disease 
(PAD) prevalence. Estimates based on ankle-
brachial index (ABI) from six large studies.
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The greater male excess observed for symptomatic versus 
 ABI-diagnosed disease may be related to severity of disease. 
A prevalence study in Southern California found that the excess 
of disease among males increased with severity of PAD.33 A report 
from the Multi-Ethnic Study of Atherosclerosis (MESA) showed 
PAD prevalence (ABI of less than 0.90) was the same in men and 
women (3.7%), but borderline values of ABI (0.90-0.99) were much 
higher in women (10.6% vs. 4.3%).45

Peripheral Artery Disease Risk Factors
The section that follows reviews existing evidence for the asso-
ciation of various possible risk factors with PAD. It begins with a 
discussion of traditional risk factors long implicated in athero-
sclerotic processes underlying coronary heart and cerebrovas-
cular disease, and then moves on to a discussion of emerging or  
“novel” risk factors. Where applicable, information on interaction 
between risk factors and the impact of risk factors on the natural 
history of disease are also provided.

The study of PAD epidemiology raises a number of methodologi-
cal issues that should be kept in mind while reviewing the  literature. 
As discussed earlier, the definition of disease has evolved over time, with 
earlier studies focusing more on claudication as measured using 
Rose and other criteria, and later studies using the ABI with a value 
of 0.9 or less, now widely used to define disease. These different 
potential definitions are noted throughout.

Methodologically, the strongest epidemiological evidence 
for a causal relationship between disease and putative risk fac-
tors comes from studies of incident disease. Such studies usually 
involve measurement of risk factors at a baseline examination, 
with subsequent tracking of incident disease among the subjects. 
Acute events such as myocardial infarction (MI) and stroke lend 
themselves to such study because the date of onset of disease is 
generally  documented in the records of healthcare providers and 
recalled by subjects. Conversely, the onset of PAD as defined by 
ABI is often asymptomatic, and in any case is unlikely to be docu-
mented other than through periodic reexamination of all the sub-
jects, which involves substantial time and expense. For that reason, 
many studies of PAD risk factors are based on cross-sectional asso-
ciations; that is, the association between current disease status and 
current risk factor measurements. Although such studies are poten-
tially informative, reported associations cannot conclusively prove 
causation because it is not known whether the risk factor preceded 
the disease or vice versa. Caution should therefore be exercised in 
reviewing results of such cross-sectional studies, particularly where 
reverse causation is plausible. For example, low physical activity 

might cause claudication, but claudication might just as plausibly 
cause low physical activity.

It is necessary to adjust for multiple potential risk factors in a  single 
statistical model to accurately estimate the unique  contribution of 
any single risk factor because the potential risk  factors for PAD 
are themselves interrelated in various ways. Estimates  presented 
 subsequently are based on such multiple adjustment for all 
 traditional PAD risk factors except as noted. Null findings may 
 indicate lack of a real association but may also be based on insuffi-
cient sample size. Most of the null findings  discussed are based on 
failure of the risk factor of interest to remain statistically significant 
in stepwise regression models, which vary as to their algorithms for 
variable selection.

The following discussion of risk factors focuses on the results 
from five large epidemiological studies referred to as index studies 
(Table 16-2). These studies each had over 3000 subjects drawn from 
the general population and included both men and women. The 
studies are similar enough in their selection and manner of measur-
ing risk factors and in their statistical analyses to allow reasonable 
comparisons for most of the common risk factors. Although the 
discussion draws on data from many other studies (see Table 16-2 
for a partial list), data are presented from these five studies across 
all the conventional cardiovascular disease risk factors to provide 
some consistency and comparability for the reader, and as a check 
against potential biases that might be introduced by selecting all 
the studies to present for each risk factor in a more ad hoc fashion.

Smoking
Smoking is one of the strongest risk factors for PAD in virtually all 
studies. Studies vary as to their measurement of smoking, often com-
bining a categorical assessment of smoking status (current, past, or 
never) with some measure of current or historical volume of smok-
ing; these multiple approaches to measurement make comparisons 
difficult. However, even with some type of additional adjustment for 
volume of smoking, current smoking versus nonsmoking has been 
shown to at least double the odds of PAD in most studies, with some 
estimates as high as a four times greater risk among smokers than 
others. Among the index studies, current smoking (vs. never or for-
mer/never) resulted in 2.0 to 3.4 times higher odds of PAD in the 
three studies using such categorization; however, in two of these 
studies, the models also included pack-years of smoking as a signifi-
cant variable. The Rotterdam study included only current packs/day, 
showing a doubling of the odds of PAD for each pack a day smoked 
(Table 16-3). All the large  population-based studies reviewed found 
a significant  independent association between PAD and smoking.
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Cessation of smoking among patients with claudication has 
been shown to improve various functional and physiological mea-
sures related to PAD, as well as reducing mortality.46–48 However, 
because symptomatic PAD patients have long been advised to quit 
smoking, it is possible that observational comparisons of patients 
who quit smoking with those who do not are confounded by other 
differences in compliance with medical advice between the two 
groups. Randomized trials of this question would raise ethical 
issues, but substantial bias is unlikely, given the large effect size 
for cigarette smoking.

Aside from the large increase in risk associated with it, smoking 
is the traditional risk factor for which the best case can be made for 
a more important role in PAD than in other atherosclerotic diseases. 
In a comparison of risk factors conducted in the same large cohort, 
Fowkes et al. found smoking to be associated with a  significantly 
higher relative risk for PAD compared to other  cardiovascular 
 diseases. Smoking was the only traditional  cardiovascular disease 
risk factor for which the odds ratio differed signi ficantly between 
PAD and other cardiovascular diseases.49

Diabetes
Diabetes is strongly associated with an elevated risk of PAD, 
although the evidence for an independent role in multivariable 
analysis is not entirely consistent. Four of the five index studies 
found diabetes, dichotomized based on different criteria, to be 
associated with PAD after multivariable adjustment, with odds 

ratios ranging from 1.89 to 4.05.9,15,50,51 The Framingham Offspring 
Study found such an association on an age- and sex-adjusted basis, 
but not in multivariable models.30

Among other large population-based studies, multivariable logis-
tic regression models have often shown a relationship to diabetes 
as a categorical variable,1,34,36,42,52 or various blood sugar measures 
as linear variables.39 Other null findings for diabetes or blood 
sugar measures were seen in the Edinburgh Artery Study49 and the 
Reykjavik Study.41

More severe and/or long-standing diabetes appears to be more 
strongly related to PAD. In the Hoorn Study, it was shown that known 
diabetes was associated with PAD in multivariable analysis, whereas 
newly diagnosed diabetes was only of borderline  significance, and 
impaired glucose tolerance was not associated with PAD.34 In that 
study, after excluding known diabetics, none of the common glyce-
mic indices that were tested were significantly associated with PAD based 
on ABI, although significant associations were observed when the 
PAD criteria were broadened to include patients with additional criteria. 
Studies conducted in patients with diabetes have shown that duration of 
diabetes and use of insulin are associated with PAD.53–55

Outcomes of PAD in diabetic patients have been shown to 
be worse. In one study, diabetic patients with PAD were five times 
more likely to have an amputation than other PAD patients; they 
also had more than three times the odds of mortality.56 There is also 
some evidence to support a somewhat different anatomical distri-
bution of disease, with more disease in arteries distal to the knee  
in  diabetic than nondiabetic persons.56,57

 
STUDY NAME

FIRST AUTHOR, 
YEAR*

NO. OF 
SUBJECTS

 
COUNTRY

POPULATION 
CHARACTERISTICS

 
STUDY DESIGN

 
PAD ENDPOINT

Index Studies
Framingham Study Murabito, 1997 5209 United States Cross-sectional IC
Framingham Offspring Study Murabito, 2002 3313 United States Longitudinal ABI < 0.9
Cardiovascular Health Study Newman, 1993 5084 United States Ages 65+ Cross-sectional ABI < 0.9
Rotterdam Study Meijer, 2000 6450 Netherlands Cross-sectional ABI < 0.9 (<.7 also studied)
Multi-Ethnic Study of 

Atherosclerosis
Allison, 2006 6653 United States Cross-sectional ABI ≤ 0.9

Other Large Studies
Honolulu Heart Program Curb, 1996 3450 United States Japanese American 

men
Cross-sectional and 

longitudinal
ABI < 0.9

Edinburgh Artery Study Fowkes, 1992 1592 Scotland Cross-sectional ABI and reactive hyperemia
Limburg PAOD Study Hooi, 2001 2327 Netherlands Longitudinal ABI < 0.95
Israeli Ischemic Heart Disease Bowlin, 1994 10,059 Israel Middle-aged men Longitudinal IC projected
Reykjavik Study Ingolfsson, 1994 9141 Iceland Men only Longitudinal IC
Quebec Cardiovascular Study Dagenais, 1991 4570 Canada Men only Longitudinal IC
Physicians’ Health Study Ridker, 2001 14,916 United States Male physicians Nested case-control IC or PAD surgery
San Diego Population Study Criqui, 2005 2343 United States Multiethnic Cross-sectional ABI ≤ 0.9, abnormal 

waveform, PAD 
revascularization

TABLE 16-2 Population-Based Studies of Peripheral Artery Disease

ABI, ankle-brachial index; IC, intermittent claudication, PAD, peripheral artery disease.

*Where multiple papers were published, this refers to the paper most frequently referenced herein.

  95% CI

STUDY VARIABLE ODDS RATIO LOW HIGH

Framingham Study Current packs/day 1.96 1.69 2.25

Framingham Offspring Study Current smoker (vs. former or never) 2.00 1.10 3.40
Pack-years of smoking 1.03 1.02 1.03

Cardiovascular Health Study Current smoker (vs. former or never) 2.55 1.76 3.68
Pack-years of smoking 1.01 1.01 1.02

Rotterdam Study Current smoker (vs. never) 2.69 1.67 4.33
Former smoker (vs. never) 1.15 0.75 1.78

Multi-Ethnic Study of Atherosclerosis Current smoker (vs. never) 3.42 2.48 4.73

TABLE 16-3 Smoking as a Peripheral Artery Disease Risk Factor
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Lipids
As is the case in cardiovascular disease epidemiology, the chal-
lenge of defining the roles of various lipid fractions in PAD lies 
in identifying the strongest independent risk factors from among 
 multiple correlated measures. In recent studies, recognition that 
the ratio of total cholesterol to high-density lipoprotein (HDL) 
 cholesterol is the best lipid measure of risk,58 along with increasing 
use of medication, has led to analyses that employ both these vari-
ables in the same model52 or combine the ratio with medication use 
in a single variable (e.g., “dyslipidemia”).51 Results from the index 
studies appear in Table 16-4.

Total cholesterol was the first lipid measure examined as a 
potential risk factor for PAD and has been the most widely studied. 
Total cholesterol was examined as a potential risk factor in four 
of the index studies, and was significantly associated with PAD 
in multivariable analysis in three. In the remaining study, total 
cholesterol was significant in univariate analysis but dropped 
out of  multivariable models that considered other lipid mea-
sures.30 Similarly, in other studies total cholesterol has usually 
been found to be associated with PAD,1,36,41,49 with occasional 
null findings in multivariable analyses where other lipid measures 
are  considered.39,59 One of the few null findings for total choles-
terol as the sole lipid measure was an analysis of the Quebec 
Cardiovascular Study cohort.38

High-density lipoprotein cholesterol (HDL-C) has been shown 
to be protective against PAD in most studies where it was evalu-
ated, usually in models that also considered total cholesterol. 
 High-density lipoprotein cholesterol was included among poten-
tial risk factors in three of the five index studies and in the TC/
HDL-C ratio in a fourth, and was significantly associated with PAD 
in multivariable analysis in all four. In two studies, both HDL-C and 
total cholesterol were significant in multivariable analysis, whereas 
in one study HDL-C but not total  cholesterol was significant. Other 
studies have also shown a protective effect of HDL-C.36,59

Bowlin et al. found that non-HDL cholesterol (total cholesterol 
minus HDL cholesterol) was significantly associated with incident 
claudication in a large cohort of Israeli men. Neither total cho-
lesterol nor HDL cholesterol were significantly associated with 
disease in models that included non-HDL cholesterol.1 In a com-
parison of incident cases of claudication with healthy controls 
in the Physician's Health Study, Ridker et al. found that the ratio 
of total to HDL cholesterol was the lipid measure most strongly 
associated with disease, with patients in the highest quartile hav-
ing 3.9 times the claudication risk of patients in the lowest quartile. 
Screening for other lipid fractions was judged to have little clinical 
usefulness beyond measurement of this ratio.60

Evidence for high triglycerides as an independent risk factor for 
PAD is fragmentary. Early case-control studies showed a very con-
sistent relationship between triglycerides and PAD, suggesting a 
uniquely strong relationship with PAD, but large population-based 

cohort studies employing multivariable modeling later called this 
into question.49,61 Among the index studies, only two included tri-
glycerides among the potential risk factors evaluated. In both cases, 
triglycerides were significant in univariate analysis but dropped out 
of multivariable models based on stepwise logistic regression.15,30 
Similarly, in the Edinburgh Artery Study cohort and in a large study 
of geriatric patients in the United States,  triglycerides were not 
significantly associated with PAD after adjustment for other lipid 
meaures.49,59 However, other studies have shown triglycerides to be 
significantly and independently associated with PAD in multivari-
able analysis.39,53,62 There is also some evidence suggesting that ele-
vated triglycerides may have a special role in disease progression 
or more severe PAD.49,63

In summary, although total cholesterol, HDL-C, and triglycerides 
all appear to be associated with PAD on a univariate basis, in mul-
tivariable analysis triglycerides frequently drop out as an indepen-
dent risk factor. Although it has been the most extensively studied, 
it is not clear that total cholesterol is the strongest independent risk 
factor for PAD; in one comparison of PAD patients with healthy con-
trols, it was found that mean total cholesterol did not differ signifi-
cantly, whereas triglycerides, very low-density  lipoprotein (VLDL) 
cholesterol, low-density lipoprotein (LDL) cholesterol, HDL choles-
terol, and the total-to-HDL cholesterol ratio all did.64

Total and HDL cholesterol seem to provide distinct informa-
tion and lend themselves to summarization in a single ratio. 
Because many early studies considered only total cholesterol, 
full resolution of the question of which lipid measures are most 
strongly and  independently related to PAD awaits completion 
of additional  large-scale studies that assess all relevant lipid risk 
factors. Irrespective of results from multivariable analysis, simple 
descriptive statistics and clinical observation both suggest that 
PAD patients are frequently diabetic or insulin resistant, with the 
typical dyslipidemia of insulin resistance (i.e., low HDL and high 
triglycerides).

Hypertension and Blood Pressure
The association of hypertension with PAD has been demonstrated 
in most studies in which blood pressure was studied. All five of the 
index studies reported a significant association between hyperten-
sion as a categorical variable and PAD. The lowest reported odds 
ratio was 1.32 as reported in the Rotterdam Study; this is some-
what understated relative to the others, since it was based on a 
model that included both a categorical hypertension variable and 
an adjustment for systolic blood pressure level that was also sig-
nificant.9 Other than this, odds ratios for hypertension ranged from 
1.50 to 2.20. Most other large population-based studies have also 
found a significant independent association of hypertension or 
systolic blood pressures with PAD.38,39,42,49,52

Where both systolic and diastolic pressures were considered, 
systolic pressure was usually found to be associated with PAD, 

 95% CI

STUDY VARIABLE ODDS RATIO LOW HIGH

Framingham Study* Total cholesterol (10 mg/dL) 1.05 1.02 1.07

Framingham Offspring Study† HDL cholesterol (5 mg/dL) 0.90 0.80 1.00

Cardiovascular Health Study‡ Total cholesterol (10 mg/dL) 1.10 1.06 1.14
HDL cholesterol (5 mg/dL) 0.95 0.90 1.00

Rotterdam Study§ Total cholesterol (10 mg/dL) 1.05 1.01 1.08
HDL cholesterol (5 mg/dL) 0.93 0.87 1.00

Multi-Ethnic Study of Atherosclerosis|| Dyslipidemia (yes/no) 1.58 1.22 2.05

TABLE 16-4 Lipid Measures as Peripheral Artery Disease Risk Factors

*Only total cholesterol was tested.
†Hypercholesterolemia (≥240 mg/dL or medication) and triglycerides dropped out of stepwise logistic regression model.
‡Triglycerides dropped out of stepwise logistic regression model.
§Triglycerides not tested.
||Total/HDL cholesterol ratio > 5.0 or lipid medication use.
HDL, high-density lipoprotein.
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whereas diastolic pressure was not significantly associated9,15,65 
or had a nonlinear relationship with PAD.36 Two large studies 
found no relationship of blood pressure with PAD. In the Israeli 
Ischemic Heart Disease Project cohort, neither systolic nor dia-
stolic blood pressure was associated with claudication,1 whereas 
in the Reykjavik Study, systolic and diastolic blood pressures were 
 significantly associated with claudication in cross-sectional but 
not longitudinal models.41 It is interesting to note that both of 
these studies appear to have used blood pressure as a linear term 
in their models. Most other recent large studies have used a cate-
gorization of subjects into normotensive and hypertensive groups 
based on systolic and diastolic pressures as well as hypertension 
 medication use.

Both of the null findings also come from studies in which clau-
dication was the outcome of interest. It has been speculated that 
elevated central perfusion pressure as indicated by (axial) blood 
pressure will sometimes delay onset of claudication by increasing 
blood pressure in the lower extremities, which—if true—would 
obscure the relationship of hypertension with underlying disease 
processes.66 However, randomized trials of blood pressure lower-
ing in PAD patients generally do not report worsened claudication.

Although the relative risks associated with hypertension are mod-
est in some studies, its high prevalence, particularly among older 
patients, make it a significant contributor to the total burden of PAD in 
the population. For example, in one large study from the Netherlands, 
the odds ratio for hypertension was 1.32, but its attributable risk (a 
measure of the proportion of PAD due to hypertension in the popula-
tion) was 17.0%, second only to current smoking in this group.9 In the 
Framingham Study, 30% of the risk of claudication in the population 
was attributable to blood pressure in excess of 160/100.50

Obesity
To date, the preponderance of evidence fails to support a consis-
tent independent positive association between obesity and PAD. 
In one of the few large studies with a positive finding, Bowlin et al. 
estimated an odds ratio of 1.24 (95% confidence interval [CI], 1.05-
1.46) for incident claudication related to a 5.0 kg/m2 difference in 
body mass index (BMI) in a study of 10,059 Israeli men.1

Three of the index studies and a number of other large popu-
lation-based studies have failed to find a significant association 
between obesity and PAD or claudication after multivariable adjust-
ment.9,30,41,42,51,59 There have also been many studies, including the 
other two index studies, in which higher relative weight or BMI was 
actually shown to be protective against PAD. In the Framingham 
Study, claudication was significantly inversely related to relative 
weight in men in multivariable analysis, and appeared to have a 
“U-shaped” nonlinear relationship with relative weight in women.37 
In an analysis from the Edinburgh Artery Study, BMI was signifi-
cantly associated with less disease in preliminary multivariable 
analysis, although BMI was excluded from the paper's final multi-
variable model because it “suggested a counterintuitive effect.”49 
The CHS found higher BMI to be significantly protective against PAD 
after multivariable adjustment in a large sample of Medicare benefi-
ciaries.15 Body mass index was significantly protective against PAD 
(defined based on a combination of ABI, Doppler flow curves, and 
history of surgery) in the Hoorn Study.34 Similarly, the odds of PAD 
among subjects in the highest quintile of BMI compared with the 
lowest quintile were found to be significantly reduced in a cross-
sectional analysis of elderly Japanese American men.36 Subjects 
with higher BMI were again shown to be at significantly lower risk 
of PAD in a study of Taiwanese subjects with diabetes.67 Finally, the 
multiethnic San Diego Population Study (SDPS) reported a signifi-
cant inverse association for BMI and PAD.52

Obesity has been implicated in the etiology of other risk fac-
tors for PAD, such as hypertension, type II diabetes, and dyslipid-
emia. In epidemiology, adjusting for factors that are on the causal 
 pathway between a risk factor and disease is known to attenuate 
the observed strength of that risk factor. Therefore, estimates of risks 
related to obesity in multivariable models are estimates of the risk 

of obesity that artificially ignore most of the mechanisms by which 
obesity might reasonably cause PAD. In a few cases, unadjusted 
models or models adjusted only for age and sex show a significant 
association with PAD, even though obesity was nonsignificant or 
protective after multivariable adjustment.30,49,59 However, in other 
studies, obesity was found to be either protective or nonsignificant 
even in unadjusted models or models adjusted only for age and 
sex.9,15,36,37,39 Thus, the failure to find more cases of positive associa-
tion between PAD and obesity is not simply an artifact of adjust-
ing for factors on the causal pathway in multivariable modeling, 
but seems to suggest a real lack of consistent evidence that such a 
 relationship exists at all.

Unaccounted for in the multivariable analyses just cited is pos-
sible residual confounding by cigarette smoking, which is strongly 
associated with both PAD and lower BMI. In addition, chronic ill-
ness in older persons, including PAD, may lead to weight loss and 
allow for a spurious inverse correlation between obesity and PAD.

As in coronary heart disease (CHD) epidemiology, there is some 
evidence to suggest that central adiposity, rather than obesity per 
se, may be more closely related to an increased risk of PAD. Vogt 
et al. found that after adjustment for BMI, higher waist/hip ratio 
was associated with significantly higher risk of PAD.6 In a group of 
patients with diabetes, it was shown that waist/hip ratio, but not BMI 
or body fat percentage, was associated with PAD.53

Alcohol Consumption

Evidence for a protective effect of light to moderate alcohol consump-
tion, as seen in CHD, is less consistent for PAD. Two of the five index 
studies considered alcohol intake; neither showed alcohol to be sig-
nificantly associated with PAD in either age- and sex-adjusted or mul-
tivariable models.9,30 However, in a later analysis of data from one of 
these studies, a significant protective effect was found in women but 
not men.68 Conversely, a protective effect of alcohol was seen in men 
but not women in the Edinburgh Artery Study, but this association 
disappeared after adjustment for social class.69 In Native Americans, 
a protective effect of alcohol was seen in multivariable analysis,70 
but in elderly Japanese American men,  alcohol intake was found to 
increase rather than decrease the risk of incident PAD.36 Data from 
the Physician's Health Study suggest that a protective effect related to 
moderate alcohol consumption may exist.71 In that study, there was no 
univariate association between alcohol and claudication incidence, 
but adjustment for cigarette smoking “unmasked” a significant pro-
tective association, reflecting the positive correlation of alcohol con-
sumption with smoking, a strong risk factor for PAD. Based on this, it 
seems possible that incomplete adjustment for smoking in other stud-
ies might allow residual confounding that could obscure any protec-
tive effect of alcohol, despite multivariable adjustment.

Race and Ethnicity

Data on the association of race with PAD are limited because many 
large studies of PAD have been conducted in non-Hispanic white 
groups. A 2003 review of ethnicity and PAD concluded that there 
were “no large population-based studies assessing the prevalence 
of PAD in non-Caucasians.”72

Several studies suggest a higher risk of PAD among blacks. The CHS, 
a study of 5084 Medicare beneficiaries in the United States, found 
that nonwhite (mostly black) race was associated with an odds 
ratio of 2.12 for PAD after adjustment for traditional risk factors.15  
A study of 933 women aged 65 and older found a higher percentage 
of black subjects among the PAD (36.3%) versus non-PAD (24.8%) 
groups.17 In the ARIC Study, Zheng et al. found that PAD  prevalence 
was higher in African Americans than whites in both men (3.3% vs. 
2.3%) and women (4.0% vs. 3.3%).44 The MESA reported a multivari-
able odds ratio of 1.67 for blacks versus  non-Hispanic whites.51 The 
SDPS reported an odds ratio of 2.34 for blacks versus non-Hispanic 
whites after adjustment for hypertension and diabetes,52 and addi-
tional analyses also showed no evidence of a greater sensitivity of 
blacks to traditional cardiovascular disease risk factors. Finally, a 
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 synthesis of three studies addressing this question reported odds 
ratios of 2.3 to 3.1 for blacks versus non-Hispanic whites adjusted 
for age and gender; odds ratios of 1.7 to 2.9 after adjustment for 
traditional risk factors; and odds ratios of 1.5 to 2.0 after further 
 adjustment for novel risk factors including  inflammatory risk fac-
tors.73 Thus, this association is in part explained by traditional risk 
factors and in part by novel risk factors, but there is an unexplained 
residual difference. Interestingly, hospital-based studies suggest that 
anatomical distribution of disease may differ in blacks, with a higher 
percentage of distal disease in black subjects, even after adjustment 
for diabetes and other cardiovascular risk factors.72

Data on other races and ethnic groups are limited. In a study in 
Honolulu, Hawaii, Asians were reported to have lower PAD prev-
alence than comparable non-Hispanic white subjects.36 Both the 
MESA and the SDPS data suggest somewhat lower rates of PAD in 
Asians and Hispanics than in non-Hispanic whites.51,52 A study of 
Native Americans suggested PAD prevalence comparable with that 
in non-Hispanic whites.70

Homocysteine
The association of homocysteine with PAD has been examined 
in a number of studies, with conflicting results. A 1995 meta-analysis of 
early case-control studies conducted in the late 1980s and early 
1990s suggested an odds ratio of 6.8 for a 5 μmol/L difference in 
fasting total homocysteine (tHcy).74 To put this in perspective, the 
differences between the 25th and 75th percentiles of tHcy among 
controls in the Physician's Health Study and a study of women in 
the Netherlands were between 3.5 and 4.0 μmol/L.60,75 The 5 μmol/L 
difference noted is therefore not unreasonable as the difference 
between low and high tHcy levels in the population. In that light, 
an odds ratio of 6.8 might make homocysteine the single most 
powerful risk factor for PAD. Interestingly, the odds ratio for PAD 
in the meta-analysis was strikingly higher than the odds ratios for 
coronary artery disease (CAD) and cerebrovascular disease, which 
were below 2 in the same study.

However, more recent studies have produced much lower and 
frequently nonsignificant estimates of the PAD risk associated with 
homocysteine. In a large European case-control study, Graham et al. 
estimated an odds ratio of 1.7 for subjects in the top quintile of homo-
cysteine for their control group versus all other subjects—a result 
of only borderline statistical significance.76 One population-based 
study from the Netherlands found a 1.44 odds ratio for a 5 μmol/L 
difference in fasting tHcy, based on an extreme definition of PAD 
involving surgery or an ABI of less than 0.5.77 However, an analysis 
of a subset of the Rotterdam Study cohort found no significant rela-
tionship between tHcy and PAD, based either on the conventional 
0.9 ABI cut-off or on a 0.7 ABI cut-off for severe disease.9 The MESA 
reported a significant association for homocysteine after multivari-
able adjustment for traditional risk factors, but the association just 
missed significance after adjustment for other novel risk factors.51 A 
nested case-control study using the Physician's Health Study cohort 
failed to find any association between quartiles of fasting tHcy and 
claudication.60 A recent case-control study of young women in the 
Netherlands also failed to find any significant association between 
fasting homocysteine and symptomatic PAD.75 Among patients with 
PAD, disease progression based on ABI was not significantly different 
in patients with the highest and lowest 20% of homocysteine levels.78

At this point, although it is still possible that homocysteine may 
be an independent risk factor for PAD, it appears that the early 
results summarized in the 1995 meta-analysis may have overstated 
the importance of homocysteine. This may be related to the quality 
of the studies included in the meta-analysis, which included pri-
marily small case-control studies.74

C-Reactive Protein and Fibrinogen
C-reactive protein (CRP) and fibrinogen are two inflammatory mark-
ers that have been shown to be associated with PAD in a number 
of studies. In an analysis from the Physician's Health Study, each 
was found to be significantly associated with PAD in multivariable 

 models, with odds ratios for the upper versus lower population 
quartiles of 2.2 for fibrinogen and 2.8 for CRP.60 However, adding 
both variables to risk prediction models did not improve the accu-
racy of prediction because they are significantly intercorrelated. Of 
the index studies, CRP was studied only in the MESA, and it was 
not significant in multivariable analysis.51 However, fibrinogen was 
included in four of the five studies and was significantly associated 
with PAD in multivariable analysis in three of them.9,30,51 Other stud-
ies have also reported significant and independent associations of 
PAD with CRP75 and fibrinogen.36,78

Other Risk Factors
A variety of other potential risk factors for PAD have been exam-
ined. In several studies, various measures of oral health have been 
shown to be independently associated with PAD, possibly based 
on common inflammatory pathways.79 A study in young women 
found that self-reported history of various types of infectious dis-
eases, such as chicken pox, shingles, mumps, pneumonia, chronic 
bronchitis, or peptic ulcer, was independently and significantly 
related to PAD.75 Another study found that a history of arthritis was 
associated with PAD as diagnosed by ABI.6

Psychosocial factors were found to be associated with PAD in 
one large cohort in Scotland,80 whereas in a large study of Israeli 
men, anxiety, job-related stress, and manner of coping with job-
related conflicts were all significantly related to incident claudi-
cation even after adjustment for traditional risk factors.1 Among 
patients with PAD, depressive symptoms were found to be associ-
ated with poorer lower-extremity functioning.81

Genetic factors appear to have a role in PAD, but data are limited. 
In a study of fraternal and identical twins, Carmelli et al. estimated 
that 48% of the variability in ABI could be explained by additive 
genetic effects.82 It has also been shown that familial hypercholester-
olemia, a genetic disorder, is related to a higher prevalence of PAD.83

Other possible risk factors for which some supporting data exist 
include antiphospholipid antibodies,84,85 hypothyroidism,86 and 
sedentary lifestyle.87 Possible protective effects have been reported 
for hormone replacement therapy,88 but the Women's Health 
Initiative randomized clinical trial of combined estrogen/progestin 
therapy showed no effect on the incidence of PAD.89

Interaction and Risk Factor Comparisons
Some research has been conducted into potential variations in 
the significance and strength of various risk factors as they are 
estimated in different subgroups and for different PAD-related 
outcomes.

Differences in the relative strength and significance of risk fac-
tors in men and women have been examined in several studies. 
Many of these studies have concluded that risk factors do not differ 
substantially in men and women. In the Rotterdam Study, separate 
models for men and women were compared and failed to reveal 
differences in risk factors for PAD.9 In the large Framingham and 
Framingham Offspring cohorts, testing for statistical interactions 
between sex and risk factors failed to provide any evidence of such 
interactions.30,50 One study of Medicare beneficiaries in the United 
States (age 65 and older) found similar risk factor associations with 
ABI in men and in women, the exceptions being total and LDL cho-
lesterol levels, which were related to ABI in women but not in men.15

Meijer et al. looked at whether severe PAD, diagnosed based on 
ABI of less than 0.7, had different risk factors than ABI diagnosed 
based on the traditional cut-point of 0.9.9 In their analysis, the 
direction and magnitude of odds ratios were similar for most risk 
factors under the two criteria. Point estimates suggested that age 
and current smoking were greater risk factors for conventionally 
defined PAD, whereas diabetes was more important for severe PAD; 
however, the 95% CIs overlapped in all cases.

Many risk factors that have been studied for their relationship to 
PAD were originally identified as risk factors for ischemic heart dis-
ease. In the most formal comparison of the relative significance and 
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strength of risk factors for PAD versus ischemic heart disease, the 
same risk factors were analyzed for their association with the two 
diseases in the Edinburgh Artery Study cohort.49 In that study, only 
the association with smoking was significantly different for PAD 
versus ischemic heart disease, with a higher association with PAD. 
Especially strong or consistent relationships to PAD that were sug-
gested for triglycerides and homocysteine were generally not borne 
out in later studies, as described earlier. In general among risk fac-
tors, only smoking and possibly more severe diabetes seem to show 
stronger associations with PAD than with ischemic heart disease.

Progression of Peripheral Artery Disease
Little is known about the early natural history of PAD, particularly 
the progression from asymptomatic to early symptomatic disease. 
Average annual change in ABI has been estimated as 0.01 and 0.02 
in various groups,90,91 but these figures may be somewhat mislead-
ing because an average change in ABI masks a variety of changes 
of different directions and magnitudes.

A more meaningful approach may be to look at the percent-
age of the population achieving some categorically defined mea-
sure of change. The CHS, a population-based study, found that over 
6 years of follow-up, 9.5% of persons showed incident PAD, defined 
as an ABI drop of more than 0.15 to a level of 0.9 or lower.92 Nicoloff 
et al. found that in 5 years, 37% of patients experienced a signifi-
cant (≥0.15) worsening of ABI, whereas 22% of patients experi-
enced clinical progression of PAD based on a change in symptoms 
or a need for surgical intervention.93 Among 415 English smokers 
with PAD referred for a surgical opinion, about half experienced a 
significant (≥0.14) drop in ABI over the following 48 months.63 In 
a group of German PAD patients, PAD was reported to progress in 
18.6% of patients during an average follow-up of 64 months, based 
on a variety of criteria including change in ABI.94 Bird et al. defined 
a ranked series of six categories of PAD defined based on ABI and 
other tests; in a study of patients referred to a vascular laboratory, 
30.2% of limbs progressed to a more serious category of PAD over 
an average follow-up time of 4.6 years, but 22.8% of limbs regressed 
to a less severe category during the same period.90

In a study based on angiography, 9.1% of patients annually were 
found to have evidence of progression of PAD.95 In a study using 
development of rest pain or gangrene as the criteria for PAD pro-
gression, PAD progressed in 2.5% of patients annually.87 In the latter 
study, it was noted that PAD progressed at a rate approximately three 
times greater in the first year following diagnosis than in subsequent 
years.96 Because many studies of PAD progression have used subjects 
whose recruitment is linked to the referral for diagnostic testing, esti-
mates of progression from such studies may be appropriate only for 
newly diagnosed populations, particularly if follow-up time is short.

Data on risk factors associated with progression of PAD are relatively 
sparse. In the CHS, significant independent predictors of decline were 
age, cigarette smoking, diabetes, and dyslipidemia.92 One report showed 
age, diabetes, classic claudication, previous intervention, and PAD in the 
contralateral leg to be independently predictive of PAD progression. 
90 One study of English smokers with PAD identified hypertriglyceride-
mia as the most important independent risk factor for progression of 
PAD and onset of critical ischemia.63 Hemorheological factors have 
been shown to be associated with an increased risk of need for vas-
cular intervention.97 Patients with premature PAD (onset of symptoms 
at or before age 45) appear to have more rapid progression of disease 
and generally poorer outcomes.98–102 Recent data suggest that while 
PAD progression in large arteries was related to smoking, the TC/HDL-C 
ratio, lipoprotein(a) (lp[a]), and high-sensitivity CRP assay (hs-CRP), 
only  diabetes was associated with progression in smaller arteries.103

Co-Prevalence of Peripheral Artery 
Disease and Other Atherosclerotic Disease
Given the common risk factors for PAD and other cardiovascular 
and cerebrovascular diseases, it is not surprising that cross-section-
ally, people with PAD are more likely to have these other disorders, 

and vice versa. Among 5084 Medicare beneficiaries in the CHS, 
prevalence of history of MI was 2.5 times as high in subjects with 
PAD (based on ABI < 0.9) than those without. For angina, congestive 
heart failure (CHF), stroke, and transient ischemic attack (TIA), the 
prevalences were 1.9, 3.3, 3.1, and 2.3 times as high, respectively.15 
Conversely, prevalence of PAD was 2.1 times as high in patients 
with a history of MI than in those without. Corresponding ratios 
for angina, CHF, stroke, and TIA were 1.7, 2.6, 2.4, and 2.1, respec-
tively.15 Other studies have found similar cross-sectional correla-
tions.44,104,105 Subjects with PAD have also been shown to have an 
elevated prevalence of carotid artery stenosis,106,107 and a modest 
but significant correlation between severities of the two diseases 
has been demonstrated.108

Peripheral Artery Disease as a Predictor 
of Mortality and Morbidity
Going beyond the cross-sectional associations discussed earlier, 
it has been shown that PAD is prospectively related to morbidity 
or mortality from other types of atherosclerotic disease, even after 
adjustment for known common risk factors. Although PAD seems 
unlikely to directly cause these other diseases, presence of PAD 
may serve as a marker for underlying atherosclerotic processes or 
susceptibilities affecting other vascular beds. These prospective 
relationships are clinically important to the extent that PAD has 
prognostic value independent of other known risk factors.

Attempts to elucidate this association epidemiologically began 
with studies of patients having symptomatic PAD in the form of 
intermittent claudication. Elevated mortality rates among subjects 
with claudication were reported in the 1970s and 1980s in the 
Framingham cohort, although this excess risk was markedly atten-
uated when subjects with baseline cerebrovascular and CHD were 
excluded.37,109,110 Similarly, a 1982 Finnish study failed to find an 
association between claudication and total or cardiovascular mor-
tality in men after adjustment for cardiovascular risk factors and 
baseline cardiovascular disease.111 Other studies demonstrated 
increased mortality risk among claudicants but did not fully adjust 
for the conventional cardiovascular risk factors.38,95,112 However, in 
a large and methodologically rigorous study, data from the 18,403 
men in the Whitehall cohort were used to show that after adjust-
ing for cardiovascular risk factors, claudication was a significant 
predictor of cardiovascular disease mortality even after excluding 
subjects with baseline disease.113

Development of the ABI and other noninvasive measures of PAD 
permitted further investigation into the association between PAD 
and cardiovascular disease. In 1985, it was first demonstrated that 
a combination of noninvasive measures, including ABI, were pro-
spectively related to all-cause mortality even after adjustment for 
cardiovascular risk factors and exclusion of subjects with baseline 
cardiovascular disease.114 Relative risks in this study were in the 
range of 4 to 5; a later reanalysis of the same cohort with addi-
tional mortality follow-up demonstrated elevated relative risks for 
cardiovascular disease and CHD in particular, with no significant 
increase in noncardiovascular death.3

In the 1990s, a number of other prospective studies confirmed 
that ABI was related to cardiovascular disease, based on either mor-
tality or combined mortality and morbidity. This was found to be 
true in a variety of populations: vascular laboratory patients,28,115 
elderly patients with hypertension,116 elderly women,117 an employ-
ment-based cohort from Belgium,118 the Edinburgh Artery Study 
cohort from Scotland,16 and the CHS cohort.29 Most of these stud-
ies controlled for various known cardiovascular disease risk fac-
tors and presence of cardiovascular disease at baseline. Relative 
risks reported ranged from roughly 2 to 5. Many of these studies 
also found PAD to be significantly associated with incident CHD 
in  particular, although the very large CHS failed to find such 
 associations for either total MI or angina.29

Data regarding the association of PAD with cerebrovascular 
 disease are less conclusive. A 1991 study showed a strong  association 
between multiple noninvasive measures of PAD and  cerebrovascular 
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disease morbidity and mortality, with risk ratios of 3.3 for men and 
9.0 for women after multivariable adjustment.119 Data from the 
Edinburgh Artery Study also showed such an  association based 
on ABI, although after multivariable adjustment, the association 
persisted for nonfatal but not fatal stroke.16 However, data from the 
CHS failed to show a relationship between low ABI and incident 
stroke.29 Another large study, the ARIC Study, showed a significant 
 association between ABI as a continuous variable and ischemic 
stroke after  multivariable adjustment, but failed to show such asso-
ciation when ABI was categorized based on a 0.8 cut-point.120

Population studies suggest a high ABI (>1.4), is also associated 
with elevated risk of cardiovascular disease.32 Such high ABIs are 
caused by stiff, often calcified, ankle arteries that may mask under-
lying PAD.14 Recently, the MESA reported that both “low” (<1.00) 

and “high” (>1.40) ABI were associated with increased risk of inci-
dent cardiovascular disease events, even after adjustment for tra-
ditional and novel risk factors.121 Interestingly, high ABI showed a 
stronger association for stroke than low ABI. Also, this was the first 
report to show that the ABI predicted events independent of other 
measures of extant atherosclerosis—specifically, coronary artery 
calcium, carotid intima media thickness, and major electrocardio-
graphic abnormalities. Recent evidence also indicates that inde-
pendent of baseline ABI, a more rapid deterioration in ABI carries 
a worse prognosis.122

Table 16-5 provides a summary of studies of the association of 
PAD with various mortality and morbidity outcomes. The table is 
limited to studies using a noninvasive measure of PAD (usually 
ABI at various cut-points), and logistic or proportional hazards 

 95% CI  

 
STUDY

PERIPHERAL ARTERY 
DISEASE MEASUREMENT

HAZARD 
RATIO

 
LOWER

 
UPPER

 
MODEL SPECIFICATIONS

Total Mortality

Criqui, 1992 Large-vessel PAD 3.10 1.80 5.30 Adjusted for conventional risk factors; excludes subjects with 
baseline angina, MI, stroke (multiple criteria)

Newman, 1993 ABI < 0.9 3.40 1.60 7.10 Adjusted for conventional risk factors; excludes subjects with 
baseline cardiovascular disease

Vogt, 1993 ABI < 0.9 3.10 1.50 6.70 Adjusted for conventional risk factors; excludes subjects with 
baseline cardiovascular disease

Kornitzer, 1995 ABI < 0.9 2.07 0.90 4.77 Adjusted for conventional risk factors other than blood  
pressure; excludes baseline CHD

Jager, 1999 ABI < 0.9 1.50 0.79 2.84 Adjusted for conventional risk factors
Newman, 1999 ABI < 0.9 1.62 1.24 2.12 Adjusted for conventional risk factors; excludes subjects with 

baseline cardiovascular disease
Hooi, 2002 ABI < 0.7 (vs. > 0.95) 2.10 1.60 2.80 Adjusted for conventional risk factors

Cardiovascular Disease Mortality

Criqui, 1992 Large-vessel PAD 6.30 2.60 15.00 Adjusted for conventional risk factors; excludes subjects with 
baseline angina, MI, stroke (multiple criteria)

Vogt, 1993 ABI < 0.9 4.50 1.50 6.70 Adjusted for conventional risk factors; excludes subjects with 
baseline cardiovascular disease

Kornitzer, 1995 ABI < 0.9 3.29 1.02 10.57 Adjusted for conventional risk factors other than blood  
pressure; excludes baseline CHD

Jager, 1999 ABI < 0.9 2.36 0.92 6.09 Adjusted for conventional risk factors
Newman, 1999 ABI < 0.9 2.03 1.22 3.37 Adjusted for conventional risk factors; excludes subjects with 

baseline cardiovascular disease
Hooi, 2002 ABI < 0.7 (vs. > 0.95) 2.30 1.70 3.10 Adjusted for conventional risk factors

Coronary Heart Disease Mortality

Criqui, 1992 Large-vessel PAD 4.30 1.40 12.80 Adjusted for conventional risk factors; excludes subjects with 
baseline angina, MI, stroke (multiple criteria)

Kornitzer, 1995 ABI < 0.9 3.63 1.11 11.84 Adjusted for conventional risk factors other than blood  
pressure; excludes baseline CHD

Cardiovascular Morbidity

Newman, 1993 ABI < 0.9 2.10 1.10 4.10 Adjusted for conventional risk factors
Hooi, 2002 ABI < 0.7 (vs. > 0.95) 1.70 1.30 2.40 Adjusted for conventional risk factors

Myocardial Infarction

Newman, 1999 ABI < 0.9 1.40 0.90 2.17 Adjusted for conventional risk factors; excludes subjects with 
baseline cardiovascular disease

Stroke
Newman, 1999 ABI < 0.9 1.12 0.74 1.70 Adjusted for conventional risk factors; excludes subjects with 

baseline cardiovascular disease

All Coronary Heart Disease Morbidity and Mortality

Criqui, 2010 ABI <1.0 1.87 1.30 2.68 Adjusted for conventional risk factors; excludes subjects with 
baseline cardiovascular disease

ABI >1.4 2.15 1.09 4.24

All Stroke Morbidity and Mortality

Criqui, 2010 ABI < 1.0 1.56 0.92 2.96 Adjusted for conventional risk factors; excludes subjects with 
baseline cardiovascular disease

ABI > 1.4 2.69 0.97 7.55

TABLE 16-5 Peripheral Artery Disease as a Predictor of Coronary Heart and Cerebrovascular Disease Morbidity and Mortality

ABI, ankle-brachial index; CHD, coronary heart disease; MI, myocardial infarction; PAD, peripheral artery disease.
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regression models with multivariable adjustment for conventional 
cardiovascular risk factors. Results are shown with multivariable 
adjustment and after exclusion of subjects with baseline cardiovas-
cular disease, where such exclusion was attempted.

Summary and Conclusions
Peripheral artery disease is atherosclerotic obstruction of the 
arteries of the lower extremities. The most common symptom of 
PAD is intermittent claudication, which is pain in the legs associ-
ated with walking that is relieved by rest. However, noninvasive 
measures such as the ABI show that asymptomatic PAD is sev-
eral times more common in the population than intermittent 
claudication. Peripheral artery disease prevalence is sharply age 
related, rising to more than 10% among patients in their 60s and 
70s. Prevalence appears to be higher among men than women for 
moderate to severe disease. Major risk factors for PAD are simi-
lar to those for cardiovascular and cerebrovascular disease, with 
some differences in the relative importance of factors. Smoking is 
a particularly strong risk factor for PAD, as is diabetes. Peripheral 
artery disease is cross-sectionally associated with cardiovascular 
and cerebrovascular disease. After adjustment for known cardio-
vascular disease risk factors, PAD is associated with an increased 
risk of cardiovascular and cerebrovascular disease, morbidity, 
and mortality.

With general aging of the population, it seems likely that PAD will 
be increasingly common in the future. Diagnosis and treatment of 
PAD in its asymptomatic stage may prove highly beneficial, particu-
larly with respect to interventions aimed at ameliorating risk factors 
common to atherosclerotic disease of the several vascular beds.
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C H A P T E R  17  Pathophysiology of Peripheral 
Artery Disease, Intermittent 
Claudication, and Critical Limb 
Ischemia
William R. Hiatt, Eric P. Brass

Peripheral artery disease (PAD) is a manifestation of systemic 
 atherosclerosis that commonly coexists with coronary and carotid 
artery disease. This places the patient with PAD at high risk of 
 cardiovascular events, including myocardial infarction (MI), isch-
emic stroke, and death.1,2 The pathobiology of atherosclerosis and 
atherothrombosis has been described previously (see Chapter 8).3,4 
The focus of this chapter is on the pathophysiology of atheroscle-
rotic disease in the arteries of the lower extremity that leads to the 
 symptomatic manifestations of PAD, including claudication and 
critical limb ischemia (CLI). Understanding the pathophysiologi-
cal mechanisms that underlie the development and progression 
of limb atherosclerosis and ischemic symptoms is critical in the 
overall management of the patient with PAD and for the develop-
ment of potential new therapies. Table 17-1 summarizes the major 
 pathophysiological mechanisms contributing to intermittent clau-
dication and CLI that are reviewed in this chapter.

Clinical Manifestations of Peripheral 
Artery Disease
The pathophysiology of PAD begins with progressive atheroscle-
rosis, resulting in stenosis and occlusion of the major arteries 
supplying the lower extremities. Compared with the often acute 
nature of coronary and carotid atherothrombosis, clinical mani-
festations of PAD tend to be more chronic and progressive, with 
primarily functional consequences. Diagnosis of PAD can readily 
be  established through noninvasive hemodynamic assessments. 
As noted in Chapter 16, the ankle-brachial index (ABI) is the ratio 
of the  systolic blood pressure in the ankle to that in the arm. An 
ABI of 0.9 take all ABI values to second decimal place, i.e. 0.90  
not 0.9 or less establishes a diagnosis of PAD with high  sensitivity 
and  specificity when compared with imaging modalities.5

Exercise Limitation and Systemic Risk
Patients with PAD suffer from exercise limitation secondary to 
impaired hemodynamics. The classic symptom of intermittent clau-
dication is an exercise-induced discomfort in the calf associated with 
reversible muscle ischemia and relieved by rest. The term claudication 
is derived from the Latin word claudicato, meaning “to limp,” which is 
typical of the gait pattern of the patient who experiences claudica-
tion when walking. Claudication is characterized by a cramping and 
aching in the affected muscle. Discomfort develops only during exer-
cise, steadily increases  during walking activity to a point where the 
patient has to stop, and then is quickly relieved by rest without change 
of position. This sequence of exercise-induced progression and com-
plete relief with rest are important clinical differentiators of claudica-
tion from other lower-extremity musculoskeletal conditions. Patients 
with claudication have severe limitations in exercise  performance 
and walking ability. Compared to healthy individuals of the same 
age, patients with claudication have a 50% to 60% reduction in peak 
treadmill performance, reflecting a disability similar to that of patients 
with severe congestive heart failure (CHF).6 This exercise impairment 
is associated with a marked decrease in ambulatory activity and the 
physical dimension of several  quality-of-life instruments.7

Although classic claudication symptoms occur in less than a 
third of patients with PAD, all patients with PAD have reductions in 
ambulatory activity and daily functional capacity.8 Even “asymp-
tomatic” patients with PAD have a marked reduction in quality of 
life.9 Thus, major goals of treatment in ambulatory PAD patients are 
to prevent progression of systemic atherosclerosis and relieve the 
symptoms of claudication and enhance quality of life.

In addition to physical disability, PAD is a marker of  systemic ath-
erosclerotic disease and associated risk. Peripheral artery  disease is 
 associated with a three- to sixfold increased risk of coronary artery 
 disease (CAD) and events, cerebral artery disease and stroke, and 
cardiovascular death.1,10 Thus, consensus guidelines recommend that 
patients with PAD be considered to have established  atherosclerotic 
disease, and secondary prevention standards are applicable.11,12

Critical Limb Ischemia
Critical limb ischemia is the most severe of the limb manifes-
tations of PAD. Critical limb ischemia is defined by chronic 
ischemic pain at rest and/or presence of ischemic skin lesions 
(gangrene or ulcerations). Although its epidemiology is not well 
known, a recent population study of 8000 individuals between  
60 and 90 years of age found the prevalence of CLI to be 1.2%, 
and more women than men were affected.13 Prognosis for 
patients with CLI is poor.14,15 In clinical trials enrolling patients 
with CLI and an ischemic foot ulcer, the annualized risk of death 
or major amputation ranges from 33% to 50%.15 Independent pre-
dictors of worse outcomes include diabetes, end-stage renal dis-
ease, and cardiac dysfunction.16,17 Patients with CLI have more 
severe hemodynamic compromise than patients with claudica-
tion, owing to multiple and more distal levels of arterial occlu-
sions. Tibial vessels are most often affected in CLI, usually in 
combination with disease in the popliteal and superficial fem-
oral arteries (and other more proximal vessels), which leads 
to a severe compromise of blood flow and oxygen delivery to 
distal tissues.18 In CLI, ankle pressures typically are less than 
50 mmHg. As CLI progresses, skin breakdown to ulceration and 
gangrene is inevitable. Resting energy expenditure is reduced in 
CLI compared to intermittent claudication, probably reflecting 
the fact that these patients become more inactive and seden-
tary.19 Revascularization to directly address the hemodynamic 
 compromise in CLI remains the primary therapeutic approach.

Hemodynamics in Peripheral Artery 
Disease
Skeletal Muscle Oxygen Consumption
Muscle oxygen consumption both at rest and during exercise 
involves oxygen delivery (pulmonary oxygen uptake, oxygen con-
tent of hemoglobin (Hb), and regional blood flow) and oxygen 
extraction by skeletal muscle mitochondria. In healthy persons, 
maximal muscle oxygen consumption is determined primarily 
by maximal oxygen delivery, rather than mitochondrial metabolic 
rate.20 Muscle mitochondrial oxidative capacity remains tightly cou-
pled with maximal exercise capacity and increases with  exercise 
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training.21 At the onset of submaximal exercise, skeletal muscle  
rapidly extracts oxygen from Hb, producing  deoxyhemoglobin.22 
The kinetics of the changes in tissue oxygen uptake are coupled 
to systemic oxygen consumption to maintain a balance between 
oxygen delivery and oxygen utilization.

Determinants of Limb Blood Flow 
in Healthy Individuals
At any given systemic blood pressure, the major determinant of 
blood flow in normal regional circulation is the peripheral resis-
tance of the vascular bed supplied by major conduit vessels. This 
basic relationship can be expressed as:

In healthy persons, exercise is a major stimulus for vasodilation, 
 causing a decrease in peripheral resistance, which when combined 
with an increase in systemic pressure results in a large increase in arte-
rial flow to skeletal muscle. Normal arteries have the capacity to sup-
port large volumetric increases in blood flow without a significant drop 
in pressure across the large and medium conduit vessels (Fig. 17-1).

Hemodynamic Abnormalities in Peripheral 
Artery Disease
The arterial occlusive disease process results in fixed-resistance ele-
ments in the circulation, and thus initiates multiple pathophysiological 
processes that manifest clinically as claudication, ischemic rest pain, 
or ulceration (see Fig. 17-1). Major factors that determine the pressure 
drop across an arterial stenosis include blood flow velocity and the 
resistance caused by the stenosis, which in turn is defined by the length 
and internal radius of the stenosis and blood viscosity. These parame-
ters have been classically described by the Poiseuille equation, which 
defines the relationships between  resistance, pressure, and flow:

÷Blood flow = Pressure Vascular resistance

4πηPressure drop across stenosis = Blood flow 8L ]÷ [ r

Laminar flow

Collateral Vessel

80% Stenosis
High Resistance

EC
Mediated

Vasodilation

Impaired
Endothelial
Function

Normal

PAD

Distal Pressure
and Flow
Maintained

Turbulent Flow
Pressure Drop
across Stenosis

Inability to
Increase
Flow with
Exercise

Efficient Oxidation

Low
Oxidative
Stress

Matched O2
Supply-Demand

Normal ABI

Inefficient
Oxidation
High
Oxidant Stress

Mismatched O2
Supply-Demand

Reduced ABI

FIGURE 17-1 Normal arterial 
function. In healthy arteries (top) flow 
is laminar, and endothelial function 
is normal. Therefore, blood flow and 
oxygen delivery match muscle metabolic 
demand at rest and exercise. Muscle 
metabolism is efficient, resulting in low 
oxidative stress. In contrast, in peripheral 
artery disease (bottom) arterial stenosis 
results in turbulent flow. Increased 
resistance associated with stenosis 
and loss of kinetic energy results in 
pressure drop across stenosis. Collateral 
vessels only partially compensate for 
arterial stenosis. In addition, endothelial 
function is impaired, resulting in further 
loss of vascular function. These changes 
limit blood flow response to exercise, 
resulting in mismatch of oxygen delivery 
to muscle metabolic demand. Changes 
in skeletal muscle metabolism further 
compromise efficient generation of high-
energy phosphates. Oxidant stress—the 
result of inefficient oxidation—further 
impairs endothelial function and muscle 
metabolism. ABI, ankle-brachial index; 
EC, endothelial cell; PAD, peripheral 
artery disease.

CHANGES IN PAD POSSIBLE CONSEQUENCES

Hemodynamic

Arterial stenosis/occlusion Pressure drop across stenosis
Inability to increase flow relative to 

demand

Collateral formation Partial compensation for arterial  
stenosis

Increased blood viscosity Reduced flow

Endothelial dysfunction Altered arteriolar regulation of flow

Muscle capillary supply Increased oxygen diffusion

Oxidant Stress

Free radical generation Endothelial and muscle injury

White cell activation Contributes to oxidant injury

Mitochondrial DNA deletions Indication of mitochondrial injury

Structural

Distal axonal denervation Muscle weakness

Reinnervation Partial compensation

Type II fiber loss Decreased muscle mass/strength

Metabolic

Increased oxidative enzymes Compensation for reduced oxygen 
delivery

Increased short-chain 
acylcarnitine

Reflects altered oxidative metabolism

Decreased electron transport Accumulation related to performance

Chain activity Reduced ATP production

TABLE 17-1  Abnormalities Observed in Peripheral Artery 
Disease

ATP, adenosine triphosphate; DNA, deoxyribonucleic acid; PAD peripheral artery disease.
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where L is length of stenosis, r is internal radius of the artery, and 
h is viscosity.

This equation makes clear that the radius or cross-sectional 
area of the stenosis is the primary factor in determining the drop 
in pressure and flow across a stenosis; a 50% reduction in cross-
sectional diameter of the vessel results in a 16-fold increase in 
resistance. This relationship indicates that as a stenosis worsens, 
perfusion pressure (and thus the potential pressure that can be 
dissipated across the stenosis) and the maximal achieved blood 
flow will decrease dramatically. The dissipation of energy that 
occurs as blood flow traverses a stenosis is determined in part 
by the morphology of the stenosis and blood viscosity.23 Pressure 
drop across the stenosis manifests as reduced limb systolic pres-
sure and decreased ABI as discussed earlier. In patients with PAD, 
arterial occlusions limit increase in blood flow to exercising mus-
cle. Resting blood flow is usually preserved because of the pres-
sure of arterial collaterals in most patients. In patients with CLI, 
however, even resting flow may be reduced below normal levels.

A common angiographic finding is multilevel occlusive disease, 
particularly in patients with severe symptoms of PAD. A patient 
with mild claudication may have stenosis at only a single site, such 
as the iliac artery, but a patient with moderate or severe claudica-
tion could have occlusive disease at multiple sites, including the 
iliac, femoral, and popliteal arteries. Patients with CLI often have 
diffuse disease affecting multiple arterial segments, such as the 
iliac, femoral, and tibial arteries. Tibial disease is quite common in 
CLI and predictive of a higher risk of ischemic ulceration and risk 
of amputation. Progression of the disease from intermittent clau-
dication to chronic CLI is modulated by collateral vessel develop-
ment and other compensatory mechanisms.

Based on the Poiseuille equation, the length of an individual ste-
nosis has only mild impact on blood flow and the pressure gra-
dient. Nevertheless, the hemodynamic effect of two equivalent 
lesions in series is double that of a single lesion.24 Thus, individual 
noncritical stenoses may become hemodynamically significant 
when combined in series in the same limb.25 In CLI, patients typi-
cally have disease in the inflow vessels (aorta, iliac arteries) and 
outflow vessels (superficial femoral, popliteal and tibial arteries).18 
These lesions in series create more hemodynamic compromise 
than is typically seen in claudication.

Critical Artery Stenosis
The hemodynamic significance of an arterial stenosis is not only 
a function of the percent stenosis, but also linear flow velocity 
across the lesion, as reflected in the Poiseuille equation.26,27 The 
term critical artery stenosis is defined as the degree of stenosis 
that causes a decrease in distal blood flow. The concept integrates 
the relationship of a stenotic narrowing in an artery with arte-
rial flow velocity and the resultant volumetric flow distal to the 
stenosis. Importantly, a critical artery stenosis may differ between 
resting and exercising states because flow velocity in these two 
conditions is different. Because the pressure gradient across any 
given stenosis is proportional to the flow velocity, states of higher 
flow velocity, as occurs with exercise, may result in a decrease 
in distal perfusion pressure, whereas states of lower velocity, as 
occurs at rest, may not. For example, resting blood flow velocity in 
the femoral artery may be only 10 to 20 cm/s, corresponding to a 
downstream calf blood flow of 1 to 2 mL/100 mL of tissue/min.28 
When a large-vessel stenosis of 50% is imposed on the system at 
this resting flow velocity, loss of kinetic energy across the stenosis 
may cause no or only a minimal decrease in distal perfusion pres-
sure. Distal flow will be maintained, since the mild reduction in 
perfusion pressure will be compensated by a reduction in down-
stream peripheral resistance. Once the stenosis becomes greater 
than 90%, there is a greater pressure gradient and fall in distal 
perfusion pressure, and changes in peripheral resistance can no 
longer compensate. Thus distal flow decreases. In this example, 
the critical arterial stenosis needed to reduce distal blood flow 
at rest is 90%.

During walking exercise, blood flow velocity increases—for 
example, to 150 cm/s. An exercise-induced increase in flow veloc-
ity across a 50% stenosis could significantly increase the pressure 
gradient and reduce distal perfusion pressure. The associated fall in 
peripheral resistance would be insufficient to compensate for the 
fall in pressure, and distal blood flow would decrease. Thus the criti-
cal arterial stenosis needed to reduce distal blood flow during exer-
cise may be only 50%.28 The concept of critical artery stenosis has 
clinical significance. In a patient with a single iliac artery  stenosis 
of 50%, the calf blood flow, pedal pulse examination, and ABI may  
be normal at rest. However, when flow velocity increases with 
exercise, the same iliac artery lesion becomes hemodynamically 
 significant, resulting in a loss of pedal pulses due to the decrease in 
ankle  pressure distal to the stenosis.

As in patients with CAD, the concept of fractional flow reserve 
describes the ratio of the blood flow through a diseased coronary 
artery to the maximal hyperemic flow through that artery in the 
absence of disease.29,30 This approach is applicable to PAD and pro-
vides a functional interpretation of any degree of percent stenosis 
and the associated critical arterial stenosis. For example, a func-
tional flow reserve of 0.80 indicates a 20% reduction in maximal 
hyperemic blood flow due to a stenotic lesion. However, minimal 
luminal area (MLA, or degree of stenosis) correlates poorly with 
functional flow reserve until the artery disease results in a large 
reduction in MLA. Thus anatomy per se may not provide sufficient 
evidence of the functional significance of a particular degree of 
arterial stenosis.

Blood Flow Response to Exercise in Intermittent 
Claudication
Most patients with PAD have no limb symptoms at rest (with the 
exception of those with CLI). This is because resting blood flow 
is sufficient to meet the relatively low metabolic needs of the 
tissue, and therefore there is no mismatch between supply and 
demand to maintain leg oxygen consumption.31,32 At the onset of 
leg exercise, patients with PAD have an initial rise in leg blood 
flow and leg oxygen consumption that is delayed.33 With a graded 
increase in exercise intensity, there is an initial linear increase in 
flow. However, as exercise intensity increases in PAD, blood flow 
reaches a plateau because of the limitation imposed by arterial 
obstructions. This plateau reflects dissipation of energy across 
the stenotic lesions, removing any additional driving force for 
increase in flow. Severity of arterial disease (defined by the ABI) 
correlates inversely with the maximal increase in flow.34 With ces-
sation of exercise, the hyperemic phase (increased flow over rest-
ing levels) is prolonged in patients with PAD relative to healthy 
controls. Despite the plateau in oxygen delivery during exer-
cise, further increases in oxidative work output are supported by 
increases in muscle oxygen extraction.35 Nonoxidative adenosine 
triphosphate (ATP) production also contributes to muscle energy 
metabolism.36 Importantly, muscle ischemia is not simply due to 
lack of increase in blood flow. The resultant mismatch between 
the demands for bioenergetics and the flow supply also contrib-
ute (see Fig. 17-1).

Other Contributors to Altered Blood Flow  
in Peripheral Artery Disease
Although arterial flow limitations are of critical importance in the 
pathophysiology of claudication, the hemodynamic status of the 
limb correlates poorly with exercise performance. Most studies 
have shown that resting ankle blood pressure (or ABI) and exer-
cise blood flow do not predict treadmill walking time,37 whereas 
some studies have shown a weak positive correlation.38,39 This lack 
of consistent relationship between ABI and claudication-limited 
exercise capacity is surprising, especially given the relationship 
between ABI and exercise-induced peak blood flow. Thus, factors 
distal to the arterial obstruction likely contribute to functional 
 limitations in PAD.
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Endothelial Regulation of Flow
Blood flow and its distribution within skeletal muscle beds are 
determined by endothelial and microcirculatory factors (see 
Fig. 17-1). Endothelium-derived nitric oxide (NO) is central to the 
 physiological regulation of arteriolar tone. Nitric oxide and pros-
taglandins (PGs) are major autocrine and paracrine mediators 
of local vascular resistance during exercise in normal individu-
als.40–42 Patients with atherosclerosis have a systemic abnormality 
in endothelial function that is associated with impaired vasodila-
tion and enhanced platelet aggregation.43 A primary mediator of 
endothelial dysfunction is felt to be oxidant stress from the genera-
tion of superoxide anion.44 Consistent with the above, abnormali-
ties in endothelium-dependent vasodilation have been observed 
in PAD.45 Amputation of an ischemic limb in CLI is associated with 
improvement of some markers of endothelial function, suggesting 
local generation of  oxidative stress from an ischemic segment of 
limb.46 Thus, altered oxygen delivery to exercising skeletal muscle 
in PAD is related not only to the large-vessel occlusive process but 
also to endothelial dysfunction and impaired vasodilation.

Hemorheology in Peripheral Artery Disease
Peripheral artery disease is associated with altered hemorheology 
(flow properties of blood and its cellular components) that result in 
increased viscosity and altered flow as described by the Poiseuille 
equation (see earlier discussion). Patients with PAD have increased 
blood concentrations of fibrinogen, von Willebrand factor (vWF), 
and plasminogen activator inhibitor (PAI), as well as increased 
fibrin turnover.47 These changes also may affect blood flow charac-
teristics in the microcirculation, but none of these factors has been 
directly correlated with claudication-limited exercise performance. 
Previous reports have noted that PAD patients have higher blood 
viscosity than age-matched controls; according to the Poiseuille law, 
this could be a contributing factor for exercise-induced ischemia.48 
Red cell  flexibility is reduced in patients with intermittent claudica-
tion, and thus the passage of erythrocytes through nutritive capillar-
ies might be compromised by microcirculatory vessel plugging.49

Microcirculatory, Hemorheological, 
and Thrombophilic Abnormalities in Critical 
Limb Ischemia
A prominent feature of CLI is formation of cellular plugs and micro-
thrombi in the microcirculation. Erythrocyte fluidity and erythro-
cyte volume fraction are reduced in patients with CLI compared 
with controls.50 These flow properties improve after amputation, 
suggesting that limb ischemia per se contributes to changes in red 
blood cell fluidity.51

In patients with CLI, a high peripheral white blood cell (WBC) 
count is associated with future amputation.52 However, it is unclear 
whether the increase in leukocytes is causative or simply reflects 
 infection or other inflammatory process that predisposes to ampu-
tation. Leukocytes may play an important role in ischemic disease 
via formation of microemboli and induction of oxidative damage. 
Leukocyte adhesion is also increased in CLI.53 This may be due to 
increased endothelial expression of the adhesion molecules vas-
cular cell adhesion molecule (VCAM)-1 and E-selectin. Adherent 
cells may further decrease lumen diameter in the microcirculation. 
Activated neutrophils may adhere to other leukocytes and blood 
cells, further narrowing the vessel lumen and, through release of 
mediators, increasing vessel wall damage. Activated leukocytes 
found in many vascular diseases are abnormally rigid, potentially 
exacerbating microvascular occlusion in CLI.

Platelet number and platelet activation also are increased in 
CLI.54 Activated platelets interact with endothelial receptors, releas-
ing the potent vasoconstrictor thromboxane, further promoting 
vasoconstriction and platelet activation. In one study, P-selectin 
expression was significantly increased in patients with intermittent 
claudication and critical ischemia compared to controls.54

The vascular bed in PAD may be under increased vasoconstric-
tor tone. Decrease in the vasodilators NO and PGs was already 
discussed, as was increased exposure to the vasoconstrictor  
thromboxane. In CLI skeletal muscle resistance arterioles, α1- and 
α2-adrenergic receptor responses are increased.55 This finding has 
been confirmed in other studies, although the functional signifi-
cance is unclear.56,57 Similarly, increases in endothelin messenger 
ribonucleic acid (mRNA) expression in CLI may cause vasocon-
striction of the microcirculation.58

Edema in Critical Limb Ischemia
Microcirculatory abnormalities in CLI also predispose the patient 
to pedal edema.59 In a study of the rate of fluid filtration through 
the capillary wall of patients with CLI, the capillary filtration coef-
ficient was increased compared with nonischemic and control 
limbs. These observations suggest a mechanism to explain the 
 propensity to develop edema in CLI.60 Restoration of blood flow by 
surgical bypass grafting or angioplasty generates an increase in dis-
tal limb pressure, with associated increases in capillary hydrostatic 
pressure. This may lead to extravasation of fluid initially and tissue 
edema in patients who underwent revascularization for CLI.61

Inflammation and Oxidative Injury 
in Peripheral Artery Disease
In claudication, exercise is associated with an increase in plasma 
levels of thiobarbituric acid–reactive compounds, thrombox-
ane, interleukin (IL)-8, soluble intercellular adhesion molecule 
(sICAM)-1, VCAM-1, vWF, E-selectin, and thrombomodulin.62–67 These 
observations suggest an acute inflammatory response to muscle 
ischemia during exercise (possibly reflecting reperfusion injury 
during recovery). After exercise-induced claudication, total neu-
trophil number and the proportion of activated neutrophils are 
higher in venous blood draining from the affected leg than in arte-
rial blood.68 These venous-arterial differences are not observed in 
the circulation of the contralateral PAD-unaffected exercising leg. 
Furthermore, activated leukocytes release  thromboxane A2 (TxA2), 
which is a vasoconstrictor and promotes platelet aggregation.69 
In claudicants, P-selectin, which mediates platelet-endothelium  
interaction, may also contribute to platelet alterations in the 
microcirculation.70–72 Activated neutrophils also release elastase, 
which has been shown to exert harmful effects on the endothe-
lium in vitro.73 Circulating elastase activities increase progressively 
from healthy individuals, to asymptomatic PAD patients, to symp-
tomatic claudication.74 Furthermore, in patients with claudication, 
elastase  activity increases further with exercise.75 These inflamma-
tory responses to exercise may mediate adverse  interactions with 
the microcirculation and skeletal  muscle metabolism, which could 
further compromise exercise performance. Thus the generation of 
free radicals and oxidative stress can be mediators of tissue injury.

Oxidative Injury in Peripheral Artery Disease
Animal models have shown that both ischemia and 
 ischemia-reperfusion are associated with oxidative stress due to 
production of free radicals.76,77 Patients with claudication do not 
deliver sufficient oxygen to exercising muscle and have a pro-
longed hyperemic oxygen-rich phase during recovery from exer-
cise.78 Muscle ischemia during exercise and reperfusion after 
claudication-limited  exercise are associated with an increase in 
oxidant stress.79,80 Blood  levels of malondialdehyde (a marker of 
free radical  generation) are elevated at rest in PAD and increase 
further with  exercise.80 Peripheral artery disease patients also have 
systemic evidence of neutrophil and platelet activation and endo-
thelial injury.62

The oxidative stress observed in PAD may be part of a broad 
spectrum of inflammatory responses to systemic atherosclerosis 
that is enhanced by exercise.66 Production of oxygen free  radicals 
may be a unifying mechanism of skeletal muscle injury in PAD 
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(Fig. 17-2). Repeated episodes of ischemia during exercise and 
reperfusion during recovery may promote oxidant injury to endo-
thelial cells (ECs), muscle mitochondria, muscle fibers, and distal 
motor axons. Oxidative injury to these tissues may in turn pro-
mote chronic changes in muscle structure and metabolism, lead-
ing to loss of function in PAD that cannot be explained simply by 
a reduction in blood flow and oxygen delivery. Mitochondria are 
the major source of free radicals within the cell, so mitochondrial 
deoxyribonucleic acid (DNA) may be a useful marker of oxidant 
injury.81

Muscle mitochondrial oxidative damage in patients with PAD is 
readily demonstrated as accumulation of somatic mutations in mito-
chondrial DNA. For example, patients with PAD have an increased 
frequency of a mitochondrial DNA 4977 bp deletion mutation.82 
This is a common finding in other tissues under conditions of oxi-
dative stress. More importantly, muscle mitochondria from patients 
with PAD have specific defects in key steps of the electron transport 
chain (see Fig. 17-2). These steps have been previously identified 
as targets of oxidative injury in myocardial  perfusion-reperfusion 
models.83 Mitochondrial oxidative injury may represent a positive 
feedback system because electron  transport chain impairment 
increases mitochondrial free radical  production, which results in 
more electron transport  dysfunction. Such mechanisms may even-
tually result in cell loss due to apoptosis.84,85

Strategies to reduce or modulate oxidant stress may be important 
to prevent not only atherosclerotic disease progression, but also 
to protect skeletal muscle from oxidant injury. Supplementation 
with the antioxidant vitamin C improves endothelial function in 
patients with diabetes.86 However, long-term administration of vita-
mins C and E does not improve endothelial function in patients 
with cardiovascular disease.87 In an animal model, ischemia-
reperfusion injury of skeletal muscle microcirculation (defined 
as  microvascular vasoconstriction and plugging and  inhibition 
of NO production) is prevented by a combination of  antioxidant 
 vitamins and l-arginine.88 Important  challenges remain  concerning 

the development of antioxidant therapy. A  relevant antioxidant 
should target specific subcellular locations (e.g.,  mitochondria) 
and not be capable of propagating oxidative injury. Thus it remains 
unclear how oxidant stress can be optimally modulated in PAD, 
or if  antioxidants will favorably alter the pathophysiology of 
claudication.

Muscle Structure and Function 
in Peripheral Artery Disease
In healthy humans, exercise requires coordinated recruitment of 
appropriate muscle fiber types to meet the demands of specific 
exercise conditions. There is recruitment of type I oxidative slow-
twitch fibers that have high mitochondrial content with low-inten-
sity repetitive contractions. Depending on the exercise intensity of 
these contractions, the fuel is a balance of fat and carbohydrate 
oxidation. In contrast, rapid forceful muscle contractions require 
recruitment of type II glycolytic fast-twitch fibers. These fibers have 
fewer mitochondria than type I fibers and have easy fatigability. 
Type II fibers include two subtypes: type IIa fibers have intermedi-
ate oxidative and contractile properties, and type IIb fibers have 
the greatest capacity for force generation.

Patients with PAD develop several histological abnormalities in 
their skeletal muscle. These changes reflect a complex combina-
tion of changes associated with disuse due to exercise limitation 
and direct injury from ischemia, ischemia-reperfusion, and chronic 
inflammatory mechanisms. Muscle biopsy studies have shown a 
decrease in type II fast-twitch fiber area that is associated with 
muscle weakness.89 These observations have been extended to 
patients with CLI, where decreases in skeletal muscle myosin iso-
forms of types IIa and IIb fibers were observed.90 Various morpho-
logical alterations have been identified in the skeletal muscle of 
PAD patients, including muscle apoptosis and atrophy, increased 
fiber type switching from oxidative type I fibers to glycolytic type 
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FIGURE 17-2 Alterations in muscle metabolism in 
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II fibers, muscle fiber denervation, altered myosin heavy chain 
expression, and mitochondrial DNA injury.82,89,91–93 Increasing 
 evidence indicates that inflammatory mediators play an important 
role in skeletal muscle wasting and fatigue. Tumor necrosis factor 
(TNF)-α and IL-6, which are increased in PAD, induce skeletal mus-
cle protein breakdown in rats and are negatively related to muscle 
mass and muscle strength in elderly individuals.66,94–96 Furthermore, 
TNF-α may provoke apoptosis in skeletal myocytes.97 McDermott 
et al. found that in PAD, higher levels of inflammatory markers (CRP, 
IL-6, and sVCAM-1) were associated with a small calf area. IL-6 and 
sVCAM-1 also were associated with a higher percent of calf muscle 
fat.98 However, the impact of these observations on muscle func-
tion and exercise performance in PAD has not been established.

Patients with claudication also demonstrate extensive skeletal 
muscle denervation by histological criteria. Denervation injury has 
been confirmed by electrophysiological testing, and these abnor-
malities are progressive over time.99 Changes in skeletal muscle 
fiber type and neurological function correlate with a decrease in 
muscle strength.89 Sensory nerve function is impaired in PAD, par-
ticularly in patients with CLI.100 Neuropathic symptoms are often 
obscured by the effects of ischemia on other tissues. The neuro-
physiological changes suggest that the underlying pathophysiology 
is a distal axonopathy affecting nerve fibers of all sizes. Measures 
of blood flow in the leg correlate with neurological symptom 
scores, examination scores, and electrophysiological testing.101

In addition to changes in muscle fibers, muscle capillarity is 
increased in skeletal muscle from patients with PAD.102 If capillary 
architecture is normal, this suggests that distal diffusion distances 
are not a limiting factor for oxygen delivery in PAD. Increased cap-
illarity may be in compensation for the reduction in large-vessel 
blood flow, and these changes in peripheral diffusion (higher con-
ductance) may have functional relevance.103

Several gait abnormalities also have been described in clau-
dication.104 The findings are primarily slowed walking speed due 
to decreased step length and cadence. Gait stability is favored 
over walking speed. Whether these gait abnormalities are related 
to muscle denervation and weakness or are adaptations to mini-
mize development of pain is unknown.105 These observations may 
explain in part why the reduced exercise performance of a patient 
with claudication cannot be entirely explained by alterations in 
limb blood flow and pressure.

Alterations in Skeletal Muscle Metabolism
When patients with PAD exercise, skeletal muscle blood flow is 
insufficient to meet metabolic demand, as described earlier in 
this chapter. This limitation in the blood flow response to exercise 
has metabolic consequences. In patients with PAD, muscle oxy-
gen  saturation and phosphocreatine levels are normal at rest. At 
the onset of exercise, however, there is a marked delay in systemic 
uptake of oxygen that parallels a slowed response in skeletal mus-
cle uptake of oxygen.6,106 Phosphocreatine is used preferentially 
for energy creation in patients with PAD compared with control 
subjects at equivalent exercise work loads.78 These observations 
would suggest that a block occurs in early utilization of oxygen at 
the onset of exercise and prior to limitation of oxygen delivery due 
to large-vessel occlusions.

Patients with PAD also have changes in oxidative metabolism 
that appear intrinsic to skeletal muscle. A potential site of impair-
ment of oxidative metabolism in PAD is the electron transport 
chain, which is vulnerable to free radical injury, as noted earlier.107 
Skeletal muscle from legs affected by PAD has reduced activity of 
mitochondrial NADH dehydrogenase of complex I and ubiquinol–
cytochrome C oxidoreductase (complex III).108 These observations 
suggest that electron transport chain activity is impaired, likely sec-
ondary to ischemia-reperfusion injury, and may contribute to meta-
bolic dysfunction in PAD.

Altered mitochondrial respiration may have functional con-
sequences. For example, pulmonary oxygen uptake kinetics are 
slowed at the onset of exercise in patients with PAD, as described 
earlier. The kinetic changes are independent of the hemodynamic 

severity of the vascular disease and may thus relate to  muscle 
 metabolic abnormalities. Consistent with slowed ventilatory 
 oxygen kinetics, patients with PAD have altered mitochondrial res-
piration. A number of investigators have used phosphorus-31 (31P) 
magnetic resonance spectroscopy (MRS) to evaluate mitochon-
drial respiration in the muscle of control subjects and patients with 
PAD.109 Using muscle adenosine diphosphate (ADP) concentration 
as a marker of the state of mitochondrial respiration, mitochondrial 
function in PAD is characterized by an increased level of ADP to 
maintain cellular respiration. An altered ADP–respiratory control 
relationship is unusual in human chronic diseases, but is charac-
teristic of inherited disorders of the electron transport chain. Given 
these observations, PAD muscle energetics cannot entirely be 
explained by reduced blood flow.

Muscle mitochondrial content and mitochondrial enzyme activ-
ities reflect the functional state of the individual. Skeletal muscle 
mitochondrial oxidative enzyme activities increase with exercise 
training and decrease with prolonged bed rest or inactivity.110 In 
healthy individuals, muscle mitochondrial content is positively 
correlated with peak oxygen uptake, indicating the importance of 
muscle oxidative capacity in determining exercise performance.111 
In PAD, marked limitation in walking activity and resultant seden-
tary behavior would be expected to result in a decrease in mus-
cle mitochondrial enzyme content and activity (detraining). In 
contrast, several studies have shown an increased mitochondrial 
content in muscle of patients with PAD.112,113 This increased mito-
chondrial expression appears to be a direct consequence of, and 
is proportionate to, the severity of occlusive disease as assessed 
by leg hemodynamics.114 Thus, alterations in skeletal muscle mito-
chondria in PAD appear to reflect the severity of the underlying 
occlusive disease process. An increased mitochondrial content 
might improve oxygen extraction under ischemic conditions and 
could reflect a compensatory mechanism for any intrinsic abnor-
mality in mitochondrial oxidative capacity. Interestingly, increased 
mitochondrial expression is also associated with inherited disor-
ders of mitochondrial electron transport, suggesting a mechanistic 
and functional link with the acquired disorder in PAD discussed 
earlier.

During normal metabolic conditions, fuel substrates such as fatty 
acids, protein, and carbohydrates are converted to acyl- coenzyme 
A (CoA) intermediates for oxidative metabolism in the Krebs cycle. 
These coA–coupled intermediates are linked to the cellular carni-
tine pool through reversible transfer of acyl groups between car-
nitine and CoA.115 One of the functions of carnitine is to serve as 
a buffer for the acyl-CoA pool by the formation of acylcarnitines. 
Thus, during conditions of metabolic stress, incomplete oxida-
tion or utilization of an acyl-CoA will lead to their accumulation. 
Transfer of the acyl group to carnitine will result in accumulation 
of the corresponding acylcarnitine.

Patients with PAD have alterations in carnitine metabolism, as evi-
denced by accumulation of short-chain acylcarnitines in plasma 
and skeletal muscle from the legs affected by arterial disease.116,117 
This accumulation of acylcarnitines implies that acyl-CoA is not 
being efficiently oxidized, given that the acyl-CoA pool is in equi-
librium with the acylcarnitine pool. Importantly, acylcarnitine accu-
mulation may have functional significance in that patients with the 
greatest accumulation have the most reduced treadmill exercise per-
formance. The degree of metabolic abnormality (as defined by acyl-
carnitine accumulation) is a better predictor of treadmill exercise 
performance than the ABI, emphasizing the importance of altered 
skeletal muscle metabolism in the pathophysiology of claudication.

Conclusions
Patients with PAD and claudication have profound limitation 
in their exercise performance. Large-vessel obstruction impairs 
 delivery of oxygenated blood to skeletal muscle during exercise, 
resulting in a supply/demand mismatch. Arterial  hemodynamics 
and large-vessel blood flow, however, do not fully account for 
the exercise limitations observed in patients with claudication. 
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Changes in microcirculation and skeletal muscle structure and 
metabolic function significantly contribute to disease pathophys-
iology. Understanding these multiple components of exercise 
 limitation provides insight into treatment approaches that address 
the  spectrum of abnormalities seen in patients with claudication.

Critical limb ischemia is a state characterized by severe 
 impairment of blood flow to the limb whereby the metabolic 
requirements of the tissue at rest are not met. Multiple occlusive 
lesions of the limb arteries, coupled with functional and structural 
changes in the microcirculation, are responsible for inadequate 
tissue perfusion and formation of skin ulcers and necrosis. Age, 
smoking, and diabetes are major risk factors for CLI. Inflammatory 
mediators and endogenous procoagulants contribute to develop-
ment and progression of CLI. Blood components such as red cells, 
white cells, and platelets aggregate and perturb blood flow in the 
microcirculation.

Revascularization procedures are the mainstay of treatment for 
CLI. Further understanding of the pathophysiological disturbances 
that occur in CLI may lead to additional strategies to preserve limb 
viability and improve symptoms.
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The least often recognized of the commonly occurring mani-
festations of atherosclerosis is peripheral artery disease (PAD). 
Epidemiological studies suggest that approximately 7.1 million 
people in the United States have PAD.1 Among 7458 participants 
aged 40 years and older from the 1999 to 2004 National Health 
and Nutrition Examination Survey (NHANES), prevalence of PAD 
was 5.9%.1,2 Despite its relative frequency, predictable patient 
population, and prognostic implications for life and limb, many 
 cardiovascular physicians do not undertake clinical evaluation of 
PAD. This  chapter will focus on the history, physical  examination, and 
diagnostic tests important to management of limb atherosclerosis.

Patient History
Diagnosis of PAD begins with clinical suspicion in the typical 
patient population. This includes avid questioning and seeking 
to elicit historical evidence of limb and systemic atherosclerosis. 
Clinical suspicion should be heightened in older persons, in those 
with coronary or cerebral atherosclerosis, and in patients with ath-
erosclerotic risk factors such as diabetes or tobacco use, as well as 
renal failure (see Chapter 16). Peripheral artery disease is uncom-
mon before the age of 40 years. In the German Epidemiological Trial 
on Ankle Brachial Index (getABI) of 6990 unselected patients aged 
65 years or older, prevalence of PAD in men and women was 20% 
and 17%,  respectively.3 In the PAD Awareness, Risk, and Treatment: 
New Resources for Survival (PARTNERS) program, a study of 6979 
patients in 350 primary care practices across the United States, 
ankle-brachial index (ABI) screening was performed in subjects 
older than age 70, or older than age 50 if they were smokers or had 
diabetes.4 In this primary care population, 29% of those screened 
with an ABI met the criteria for PAD.

Despite the relative frequency of disease, diagnosis of PAD is 
not often considered because the majority of patients with PAD 
are asymptomatic. In the PARTNERS program, only 11% of PAD 
patients had classic symptoms.5 Similar data have been reported 
in other large cross-sectional studies (see Chapter 16). Even in 
high-risk  subgroups with a higher population frequency of PAD, the 
 diagnosis may be missed because PAD is often asymptomatic. The 
 decision to look for PAD in the outpatient should be predicated on 
the pretest probability of finding it. Application of the PARTNERS 
criteria, for example, demonstrated the importance of risk  factors 
in enriching the population with PAD to make ABI screening worth-
while. Thus, the presence of risk factors for atherosclerosis should 
lower the threshold for routine screening.

Symptoms of Peripheral Artery Disease
The most commonly ascribed symptom that develops as a result 
of PAD is intermittent claudication. The word claudication derives 
from the Latin word claudicatio, which was used to describe the 
limp gait of a lame horse. As defined in the Rose questionnaire,6 
claudication is development of an ischemic muscular pain on exer-
tion. The pain can be characterized as aching, burning,  heaviness, 
 feeling leaden, tightness, or cramping. Pain should originate in a 
muscular bed, such as the calf, thigh, hip, or buttock, and not local-
ize to a joint. The area of the worst blood flow limitation usually 
subtends the site of muscular discomfort. For example, patients 
who develop hip or buttock discomfort with walking most likely 
have distal aorta or iliac artery occlusive disease, whereas patients 
with calf claudication likely have superficial femoral or popliteal 
arterial stenoses or occlusions. Reduction of muscular work on 

activity cessation rebalances available blood supply with muscle 
demand and quickly resolves the pain.

Both time of activity to pain onset and time to pain resolution 
should be consistent and predictable. The distance walked to the 
onset of leg discomfort is called the initial claudication distance, 
and the maximal distance the patient can walk without stopping 
because of leg discomfort is called the absolute claudication dis-
tance. Several classification schemes are used to categorize the 
severity of claudication, including the Fontaine (Table 18-1) and 
Rutherford classifications (Table 18-2).7 When the interview is com-
plete, the physician should have insight into the nature of discom-
fort, how long it has been present, the typical duration of exercise 
required to cause the discomfort, and the amount of rest necessary 
to relieve the symptoms.

Classic symptoms of claudication do not occur in all patients 
with PAD, including those with functional limitations. The appli-
cation of questionnaires for claudication, such as the World 
Health Organization (WHO)/Rose questionnaire or the Walking 
Impairment Questionnaire,6,8 may underestimate PAD prevalence 
by 50%. Data from McDermott et al. indicate that complaints other 
than claudication are common.9 They evaluated functional tol-
erance across a range of symptoms in cross-sectional analyses 
of patients with and without PAD.5,10 Peripheral artery disease 
patients demonstrated several types of leg discomfort, including 
leg pain at rest and with walking, pain with walking alone requir-
ing cessation of activity, and pain patients could “walk through.” 
This variety of presentations would be missed with questioning 
only for classic symptoms. Moreover, the type of discomfort pre-
dicted function. Patients with pain at rest and with walking had 
worse functional capacity than those whose pain occurred with 
walking and stopped with walking cessation, and those who were 
able to “walk through” the pain. Quality of leg pain, whether it is 
atypical or classic, does not  predict severity of  reduction in limb 
perfusion pressure as  measured by the ABI.11

Presence of intermittent claudication has important prog-
nostic implications regarding functional capacity and mortality.  
Three quarters of patients with intermittent claudication will 
have stable symptoms over the next 10 years; approximately 25% 
will progress to more disabling claudication or critical limb isch-
emia requiring revascularization or culminating in amputation.6 
Moreover, they will suffer a mortality more than twice that of the 
general  population, approximating 30% at 5 years.12

Differential Diagnosis of Claudication
Once exercise-related discomfort has been established, several 
alternate vascular and nonvascular diagnoses should be consid-
ered (Box 18-1). Vascular disorders include popliteal artery entrap-
ment (see Chapter 62), compartment syndrome, fibromuscular 
 dysplasia, venous insufficiency (see Chapter 55), and vasculitis 
(see Chapters 41 through 45). Popliteal artery entrapment typically 
occurs in very active persons or athletes. Because of an abnor-
mal origin of the medial (or less commonly, lateral) head of the 
gastrocnemius muscle, the popliteal artery may be compressed 
with walking and yield symptoms of claudication. Endofibrosis 
of the external iliac artery (EIA), a relatively rare occurrence in 
highly trained cyclists and other endurance athletes, may cause 
claudication.

Fibromuscular dysplasia is a noninflammatory arterial occlusive 
disease that most commonly affects the renal and carotid arteries 
but may involve other arterial beds (see Chapter 63).13 Any of the 
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arteries in the lower extremities may be affected, but the iliac arter-
ies are the most common. Fibroplasias may involve the intima, 
media, or adventitial layer of the artery. The most common vari-
ety is medial fibroplasia. It can be diagnosed from the “string of 
beads” appearance on angiography and by its predilection for the 
nonbranching points of vessels. The etiology of fibromuscular dys-
plasia remains unknown.

Increased calf muscle size with exercise may inhibit venous 
outflow, cause exertional compartment syndrome—in which tis-
sue pressure is increased and microvascular flow is impeded—
and bring about complaints of calf pain or tightness with exertion. 
Symptoms improve with leg elevation after exercise cessation. 
Venous claudication may occur as a result of iliofemoral throm-
bosis with poor collateral vein formation. When venous outflow 
is impaired, the increase in arterial inflow with exercise increases 
venous pressure markedly and causes a severe tightness or burst-
ing sensation in the limb. Patients may report improvement in 
symptoms with leg elevation following exercise cessation. These 
patients frequently have leg edema. Vasculitides such as Takayasu's 
arteritis, giant-cell arteritis (GCA), and thromboangiitis obliterans 
(TAO) are  infrequent causes of claudication.

Nonvascular causes of exertional leg pain include lumbar 
radiculopathy, hip and knee arthritis, and myositis. Perhaps the 
most common nonvascular diagnosis is lumbar radiculopathy 

causing nerve-based pain. Patients may complain of leg pain or 
 paresthesias as a result of compression of the lumbar nerve roots 
from disc herniation or degenerative osteophytes. The paresthesias 
or pain tend to affect the posterior aspect of the leg and occur with 
specific positions such as standing or develop at the beginning of 
ambulation. These symptoms may improve with continued walk-
ing or when leaning forward because pressure on the nerve roots 
is reduced.

Osteoarthritis of the hip or knee may cause pain associated with 
walking. The pain may be confused with intermittent claudication 
because it typically occurs with exercise. The discomfort, however, 
is usually referable to a joint such as the hip or knee. It can be dis-
tinguished from claudication in that the level of activity required 
to precipitate symptoms varies and does not resolve rapidly with 
activity cessation.

Critical Limb Ischemia
Critical limb ischemia (CLI) is the most debilitating manifesta-
tion of PAD (Fig. 18-1). The TransAtlantic Inter-Society Consensus 
(TASC) Working Group estimates that the incidence of CLI is 
between 300 and 1000 persons per million per year.6 Across the 
globe,  frequency of amputation varies from 28 per million  people 
per year in Madrid to 439 amputations per million people per 
year among Navajo Americans.14 Prevalence of CLI was 1.2% and 
affected more women than men in a population study of 8000 per-
sons between 60 and 90 years of age.15

Diabetes and smoking increase the risk of developing CLI. 
Diabetes is the cause of most nontraumatic lower-extremity 
amputations in the United States.16 Diabetes increases the risk of 
amputation nearly fourfold, even with similar levels of blood flow 
limitation as in nondiabetic patients.17 Cigarette smoking also 
increases the risk that PAD will progress to CLI. In a study of 343 
consecutive patients with intermittent claudication, 16% of those 
who continued to smoke developed CLI, compared to none in 
those who were able to stop smoking.18 In 190 patients undergoing 
lower- extremity revascularization followed for 3 years, those who 
smoked more than 15 cigarettes a day had a 10-fold higher risk 
(21%) of amputation compared to those who smoked fewer than 
15 cigarettes a day (2%).19 Critical limb ischemia occurs as a con-
sequence of tissue ischemia at rest, and it manifests as foot pain, 
nonhealing ulcers, or tissue gangrene. The pain is often severe and 
unremitting and localized to the acral portion of the foot or toes, 
notably at the site of ulceration or gangrene. Blood flow limitation 
is so severe that the gravitational effects of leg position may affect 
symptoms. Patients commonly report that leg elevation worsens 
pain. This is typically worse at night when the patient is in bed and 
the leg, now at heart level, no longer benefits from the dependent 
position. Placing the foot on the floor beside the bed is a com-
mon action used by patients to reduce pain. Inability to use the leg 
and chronically placing the leg in a dependent position may cause 

Nonatherosclerotic arterial disease
Atheroembolism
Vasculitis
Extravascular compression
Popliteal artery entrapment
Adventitial cysts
Fibromuscular dysplasia
Endofibrosis of the internal iliac artery
Venous claudication
Compartment syndrome
Lumbar radiculopathy
Spinal stenosis
Hip/knee arthritis
Myositis

Box 18-1  Nonatherosclerotic Causes of Exertional 
Leg Pain

FIGURE 18-1 A nonhealing first-digit ulcer with overlying eschar.

STAGE DESCRIPTION

I Asymptomatic, ABI < 0.9

II Intermittent claudication

III Daily rest pain

IV Focal tissue necrosis

TABLE 18-1 Fontaine Classification

ABI, ankle-brachial index.

TABLE 18-2 Rutherford Classification

GRADE CATEGORY DESCRIPTION

0 0 Asymptomatic

I 1 Mild claudication

I 2 Moderate claudication

I 3 Severe claudication

II 4 Ischemic rest pain

III 5 Minor tissue loss

IV 6 Major tissue loss
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peripheral edema, a finding occasionally mistaken for venous dis-
ease in these patients. With severe  ischemia, any skin perturbation, 
including bedclothes or blankets, may cause pain; in ischemic neu-
ropathy, this causes a lancinating pain in the foot. Other symptoms 
of CLI include hypesthesia, cold intolerance, muscular weakness, 
and joint stiffness of the affected limb. Severity of CLI is categorized 
in both the Fontaine and Rutherford classification schemes (see 
Tables 18-1 and 18-2).

Differential Diagnosis of Critical Limb Ischemia
Differential diagnosis of CLI includes vascular and nonvascular 
diseases (Box 18-2). Atheroembolism, or blue toe syndrome, occurs 
when components of large-vessel atherosclerotic plaque embolize 
to distal vessels (Fig. 18-2) (see Chapter 47). The embolized mate-
rial is composed of fibroplatelet debris and cholesterol crystals. 
A common cause of atheroembolism is iatrogenic disturbance 
of the vessel, whether from catheterization or surgery. Several fea-
tures may help in differentiating atheroembolism from traditional 
CLI. Patients typically have pulses palpable down into the feet, 
because the emboli require a patent pathway to distal portions 
of the extremities. Other clinical clues include new renal insuffi-
ciency and blood eosinophilia. On examination, the patient will 
have areas of cyanosis or violaceous discoloration of the toes or 
portions of the feet and areas of livedo reticularis.

Acute limb ischemia may occur from thrombosis in situ or from 
thromboemboli of large fibroplatelet accumulations that originate 
in the heart or large arteries and occlude conduit arteries (see 
Chapter 46). These patients have an accelerated course and may 
present with the “five Ps” of acute ischemia: pain, pallor, poikilo-
thermia, paresthesia, and paralysis. Other causes of limb ischemia 
include vasospasm, TAO, other vasculitides, and connective tis-
sue disorders (see Chapters 41, 44, and 48). Other causes of ulcers 
include neuropathy, venous disease, and trauma (see Chapter 61).

Nonvascular causes of foot pain include neuropathy, arthritides 
such as gout, fasciitis, and trauma (see Box 18-1).

Physical Examination
A comprehensive physical examination that includes general 
appearance of the patient, integument, heart, lungs, abdomen, and 
limbs should be performed during the initial patient encounter 
to elucidate evidence of systemic disease and provide insight 
into cause and manifestation of the patient's vascular disease. 
The entire vascular system should be examined. Blood pressure 
is measured in each arm. A blood pressure difference of 10 mmHg 
or more may be indicative of innominate, subclavian, axillary, or 
brachial artery stenosis. The carotid, brachial, radial, ulnar, fem-
oral, popliteal, dorsalis pedis, and posterior tibial pulses should 
be  palpated in every patient (Fig. 18-3). Several pulse-descriptive 
schemes have been promulgated. One is to grade the pulses as 
0 (absent), 1 (diminished), and 2 (normal). A very prominent 
or forceful pulse may occur in patients with aortic regurgitation 
or high cardiac output states. Absence of any pulse in the lower 
extremity, except in the dorsalis pedis, increases the likelihood of 
PAD.20 The dorsalis pedis pulse is not palpable in approximately 
8% of healthy patients.20 Absence of a peripheral pulse may indi-
cate a significant stenosis between the present and absent pulse. 
Occasionally, pulses may be palpable below the level of a signifi-
cant stenosis. This most commonly occurs in the setting of iliac 
artery disease when there may be sufficient collateral vessels to 
maintain  perfusion to distal arteries.

The abdominal aorta should also be palpitated if permitted 
by body habitus to elicit evidence of aortic aneurysm. A wid-
ened pulse in the abdomen or over a peripheral artery (e.g., the 
popliteal artery) may be indicative of an aneurysm. Once pal-
pated, the abdomen and several peripheral vessels also should 
be auscultated. Palpation of an expansile or pulsatile periumbil-
ical mass is indicative of an abdominal aortic aneurysm. Proper 
auscultation of normal vessels with a stethoscope should reveal 
no sound. Bruits should be sought over the carotid and sub-
clavian arteries, in the abdomen, in the lower back, and over 
the femoral arteries. Presence of a bruit, indicative of turbulent 
blood flow, typically occurs as a result of arterial stenosis, but 
may indicate extrinsic compression or arteriovenous malforma-
tion. Vessels with no flow, resulting from complete occlusion, do 
not convey bruits.

A skin examination should be performed, looking for altera-
tions in temperature, edema, signs of active or healed lesions, 
or signs of chronic ischemia—including thin shiny skin, thick-
ened yellow nails, and loss of hair. Foot or toe cyanosis or pallor 
may be a  forerunner of ulceration. Inspection of the skin may 
reveal trophic signs of chronic ischemia, including sympathetic 
denervation (impaired hair growth or impaired sweating) and 
sensorimotor neuropathy (lack of vibratory sense). Critical limb 
ischemia may cause muscle and subcutaneous tissue atrophy, 

Ischemia
Atherosclerosis
Atheroemboli
Acute arterial occlusion:

in situ thrombosis
Emboli

Vasculitis
TAo
Scleroderma
SLE
MCTD
Cryoglobulinemia

Vasospasm
Raynaud phenomenon
Acrocyanosis

Ulcers
Neuropathy
Venous insufficiency
Trauma

Pain
Neuropathy

Arthritis
Gout
Rheumatoid arthritis
Fasciitis
Trauma

Box 18-2  Differential Diagnosis of Critical Limb 
Ischemia

MCTD, mixed connective tissue disease; SLE, systemic lupus erythematosus; 
TAo, thromboangiitis obliterans.

FIGURE 18-2 Atheroembolism after catheterization. Note areas of 
cyanosis and surrounding livedo reticularis. This patient had a palpable dorsalis 
pedis pulse.
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hair loss, petechiae, and thin or encrusted skin. In CLI, the toes 
and foot are cool and pallor may be present when the foot is in 
the neutral (or horizontal) position.

Changes in skin appearance with elevation and dependency 
may provide a gauge for PAD severity. The leg should be ele-
vated to 45 to 60 degrees for 1 minute. If pallor develops quickly 
(within 10-15 seconds), severe PAD is likely. After 1 minute, the 
patient sits up and the leg is placed in a dependent position. 
The time to pedal vein refill should be recorded. Ischemic-
induced arteriolar and venular dilation may lead to develop-
ment of a violaceous appearance of the foot with dependency, 
called dependent rubor (Fig. 18-4). Normal refill occurs rapidly, 
typically within 10 to 15 seconds. Prolongation of venous fill-
ing or the development of  numbness beyond 1 minute suggests 
severe PAD.

Arterial fissures most commonly develop in the heel, toes, in the 
web space between the toes, or in segments subjected to pressure 
(the ball of the foot). Arterial ulcers are circumscribed, tender, and 

prone to infection. The base of the ulcer is usually pale. The ulcers, 
in contrast to venous ulcers, are dry; however, the  devitalized  tissue 
is prone to infection, which may generate a purulent  exudate. 
The ulcer may be covered by an eschar. In CLI, gangrene most 
 commonly occurs in the digits but may occur on the ball of the 
foot or heel. In the absence of infection, gangrene tends to be dry, 
and the skin is mummified.

Two classification schemes are used to categorize the clinical 
assessment of patients with PAD: the Fontaine Stage Classification 
of PAD and the Rutherford Categorical Classification of PAD. In 
the system described by Fontaine, the severity of PAD is clas-
sified into 1 of 4 stages ranging from asymptomatic in stage 1, 
intermittent  claudication in stage 2, daily rest pain in stage 3, and 
focal tissue necrosis in stage 4 (see Table 18-1). The Rutherford 
system employs seven categories, dividing severity of claudica-
tion into three  categories (mild, moderate, and severe) and CLI 
into three categories (rest pain, minor tissue loss, and major tis-
sue loss) (see Table 18-2).

FIGURE 18-3 Palpation of pedal pulses. A, Palpation 
of posterior tibial (PT) pulse. Examiner should place his/her 
fingers in the curve below the malleolus with light pressure and  
reposition as needed. Application of passive foot dorsiflexion 
occasionally makes PT palpation easier. B, Dorsalis pedis pulse 
is typically appreciated within 1 cm of the dorsum, most 
prominent near navicular bone.A B

FIGURE 18-4 Dependent rubor. This 
patient with severe peripheral artery disease 
(PAD) (note previously amputated second 
digit) develops a ruborous appearance of 
the forefoot with dependent positioning as a 
result of arteriolar and venular dilation.
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Diagnostic Testing
Office-Based Ankle-Brachial Index
Measurement of the ABI is a simple method employed to cor-
roborate the historical and physical findings of PAD. The ABI 
is the ratio of the systolic blood pressure at the ankle and bra-
chial artery. The latter is an estimate of central aortic pres-
sure. Brachial artery systolic blood pressure is measured in 
both arms and ankles using a handheld 5- or 10-MHz Doppler 
ultrasound device and sphygmomanometric cuff. The cuffs are 

placed on each arm above the antecubital fossa and above each 
ankle. The cuffs are sequentially inflated above systolic pressure 
and then are slowly depressurized. The Doppler probe, placed 
over the brachial artery and the dorsalis pedis and posterior tib-
ial arteries, monitors the pressure (Fig. 18-5). As the cuff is slowly 
deflated, reappearance of a Doppler signal indicates the systolic 
pressure at the level of the cuff.

Brachial artery pressures must be measured in both arms 
because atherosclerosis may occur in subclavian and axillary 
arteries. The higher of the two brachial systolic blood pressures 
is used for reference in the ABI calculation. Hence, the ABI is the 

A

C

B

FIGURE 18-5 Measurement of the ankle-brachial index (ABI). Brachial 
artery systolic blood pressure is determined in both arms and both ankles using a 
handheld 5- or 10-MHz Doppler ultrasound and sphygmomanometric cuff. Because 
atherosclerosis may occur in subclavian and axillary arteries, brachial artery pressures 
must be measured in both arms (A). The higher of the two brachial systolic blood 
pressures is used as the reference pressure in ABI calculation. In each ankle, pressure 
should be measured at dorsalis pedis (B) and posterior tibial pulse (C). ABI is the 
quotient of the highest systolic pressure at each ankle divided by the highest pressure 
of the two brachial artery pressures.
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 systolic pressure at each ankle divided by the higher pressure of 
the two brachial artery pressures; an ABI may be generated for 
each leg. When assessing foot perfusion, the ABI uses the highest 
of the pedal pressures in each leg.21 Both pedal pressures (dorsa-
lis pedis and posterior tibial artery) are considered when seek-
ing evidence of atherosclerosis. Some have suggested that ankle 
 pressure used to calculate ABI should be an average of the two 
pedal pressures.22

Normal systolic pressure at the ankle should be at least the 
same as in the arm, yielding an ABI of 1.0 or greater. As a result of 
reflected arterial pressure waves, healthy persons tend to have an 
ABI ranging from 1.0 to 1.43. Recognizing an intrinsic (up to 10%) 
variability of blood pressure when measured sequentially, since 
ankle pressures are not measured simultaneously, an abnormal 
ABI consistent with the diagnosis of PAD is categorized as 0.9 or 
less, whereas an ABI above 0.9 to 1.0 is borderline abnormal.23 The 
ABI is a reliable determinant of PAD, with a sensitivity for ABI 0.9 
or less ranging from 79% to 95% and specificity of 96% to 100%.21,24 
An ABI of 0.4 or less is extremely abnormal and typically present 
in patients with CLI. Arterial calcification may introduce a false 
elevation in ABI, typically greater than 1.4, as a result of noncom-
pressible vessels at the ankle. Arterial calcification occurs more 
commonly in patients with diabetes or end-stage renal disease and 
in the elderly.25,26

The ABI provides prognostic information because it is a 
barometer of the burden of systemic atherosclerosis. In the ABI 
Collaboration, the incidence of adverse events rose as the ABI 
dropped below 1.0, even in the absence of symptoms.27 The lower 
the ABI, the greater the cardiovascular morbidity and mortality.28,29 
An ABI of 0.8 or less is associated with twice the age-adjusted 
10-year mortality, and an ABI of 0.4 or less, is associated with a four-
fold increase in mortality.21,27 Measuring the ABI provides an assess-
ment of both PAD and cardiovascular risk.

There are limitations to ABI measurement. The correlation 
between ABI, functional capacity, and symptoms is weak. Resting 
ABI is occasionally normal in patients with PAD; this may occur 
in patients with aortoiliac stenoses and a well-collateralized arte-
rial system that maintains perfusion pressure. In patients with a 
normal ABI but a strong suspicion of significant PAD, office-based 
exercise testing may be performed. Exercise accentuates arterial 
gradients by increasing the turbulence across the flow-limiting 
lesion and decreasing muscular arteriolar resistance to signifi-
cantly attenuate lower-extremity perfusion pressure. In fact, arte-
rial pressure at the ankle may reach zero in patients who develop 
claudication and recover more than 10 minutes after exercise 
cessation. In the office, stair climbing or active pedal plantar flex-
ion30 may be used to elicit symptoms and document a decrease 
in ankle pressure (and ABI) to confirm the diagnosis of intermit-
tent claudication.

Noninvasive Laboratory Testing for Peripheral 
Artery Disease
For patients in whom revascularization is considered, such as 
those with CLI or disabling claudication, location and severity of 
disease should be evaluated by additional noninvasive testing. 
There are two general formats of noninvasive testing to discern 
location and severity of PAD: physiological testing and anatomi-
cal imaging.

PHYSIOLOGICAL TESTING

Physiological or functional testing most commonly occurs in a 
noninvasive vascular laboratory (see Chapter 12). Measurement 
of limb segmental systolic pressures employs methods similar 
to ABI measurement (Fig. 18-6). Sphygmomanometric cuffs are 
placed on the proximal thigh, distal thigh, calf, and ankle. The 
cuffs are inflated sequentially to suprasystolic pressure and then 
deflated to determine systolic pressure at each site. A Doppler 
probe is placed on the posterior tibial or dorsalis pedis artery. 

Arterial stenosis or occlusion will decrease the perfusion pres-
sure. Arterial pressure gradients of more than 20 mmHg between 
thigh cuffs and 10 mmHg between cuffs below the knee indicate 
presence of a  stenosis. As with the ABI, the most common source 
of error for the test is vascular calcification. In the setting of vascu-
lar calcification, a toe brachial index may be obtained. Pressures 
in the toe may be measured with strain gauge photoplethysmog-
raphy. Pressure is measured in the toes and a ratio of toe pressure 
to brachial artery pressure is generated; a value of 0.7 or less is 
 consistent with PAD.

Pulse volume recordings (PVRs) or segmental pneumatic pleth-
ysmography determines the relative change in limb volume with 
each pulse and can be obtained along with segmental pressure 
measurements. The pulse-volume waveform represents the prod-
uct of pulse pressure and vascular wall compliance. In a healthy 
person, the pulse-volume waveform is similar to a normal arterial 
pressure waveform and includes rapid upstroke, dicrotic notch, 
and downstroke (see Fig. 18-6). The waveform changes when it is 
recorded distal to a significant stenosis as perfusion pressure falls. 
Initially, there is a loss of the dicrotic notch. As the stenosis worsens, 
waveform upstroke (anacrotic slope) is delayed, amplitude is less, 
and the downstroke (catacrotic slope) is slower. Combined use of 
segmental pressure measurements and PVRs improves the accu-
racy of identifying significant stenosis.

Treadmill Testing

As described earlier, eliciting symptoms through exercise may 
permit the diagnosis of PAD, despite a normal or near-normal ABI. 
When a vessel has a significant stenosis, increasing flow through 
the lesion decreases energy delivered beyond the area of steno-
sis. Treadmill exercise increases blood flow through a stenosed 
 vessel and can increase sensitivity of the ABI. In the vascular labo-
ratory, a diagnosis of intermittent claudication and a quantification 
of exercise tolerance may be obtained through treadmill exercise 
testing. Many protocols exist to test walking ability, but each falls 
into one of two types: constant or graded exercise. In constant 
exercise protocols (e.g., Carter protocol), a specific speed (1.5-
2.0 mph) and treadmill grade (0%-12%) is chosen, whereas in the 
graded exercise protocols (e.g., Hiatt or Gardner protocol), speed 
and/or treadmill grade may increase.31 In both protocols, the bra-
chial and ankle pressures are determined pretest at rest, patients 
exercise until they are unable to continue, and brachial and ankle 
pressures are redetermined within 1 minute of exercise cessa-
tion. Patients with PAD as a cause of exercise limitation will have 
an attenuated rise in ankle pressure compared to brachial artery 
pressure or, more commonly, a fall in ankle pressure, thus lowering 
the ABI. The fall in ankle pressure is directly related to severity of 
arterial occlusive disease. Analogously, length of recovery is also 
directly related to disease severity. Two parameters are recorded 
in addition to the ABI: the time claudication begins (initial claudi-
cation time), and the time until exhaustion or cessation (absolute 
claudication time). Variability of walking distance is greater in the 
constant  exercise protocols than the graded protocols, making the 
latter more  commonly used.

ANATOMICAL IMAGING OF THE PERIPHERAL 
CIRCULATION

Defining arterial anatomy is not typically necessary to make the 
diagnosis of PAD but is required for patients who will be undergo-
ing revascularization. Following is a discussion of the major meth-
ods used to image peripheral arteries.

Duplex Ultrasonography

Duplex ultrasonography of the lower extremities is performed in 
most vascular laboratories (see Chapter 12). The combination of 
bright (B)-mode ultrasound, color Doppler imaging, and pulsed-
Doppler velocity analysis can accurately identify the location 
and severity of atherosclerotic lesions in the legs. Normally, flow 
through each arterial segment should be laminar, with a uniform 
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homogeneous color appearance. Blood flow becomes turbulent 
and velocity increases at sites of sclerosis, creating areas of color 
discordance. Pulsed Doppler measurements in the area of stenosis 
demonstrate increased flow velocity and spectral broadening.

Applying the concepts of the Poiseuille law regarding move-
ment of incompressible viscous fluids through a tube, the 
ratio of peak systolic velocity in the area of a stenosis is com-
pared with the normal area of artery proximal to the stenosis. 
A ratio of 2 or greater is consistent with stenosis of 50% or more 
(Fig. 18-7). In one meta-analysis of seven studies, the sensitivity 
and specificity of duplex ultrasound to detect 50% or greater 
stenosis or occlusion were 88% and 96%, respectively, and to 
detect complete occlusion were 90% and 99%, respectively.32 
In another meta-analysis of 14 studies, the sensitivity and spec-
ificity of duplex ultrasound with and without color-guided 
Doppler analysis to detect 50% or greater stenosis or occlusion 
was 93% and 95%, respectively.33 Duplex ultrasonography is less 
accurate at the site of calcified plaque because of the acoustic  
shadowing caused by the dense calcium. Serial stenoses 
are more difficult to diagnose because ultrasound diagnosis 
relies on comparing peak arterial velocities between  adjacent 

 segments, and there are altered hemodynamics between sequen-
tial stenoses. Single-center studies have found that ultrasound 
may be used alone in planning both percutaneous and surgi-
cal peripheral revascularization.34–37

Duplex ultrasonography is also used in the postoperative sur-
veillance of arterial bypass grafts. A program of routine ultra-
sound surveillance is more likely to diagnose significant bypass 
graft  stenoses than history, physical examination, or ABI. Clinical 
trials have evaluated the efficacy of ultrasound surveillance as a 
strategy to identify graft stenosis and prompt repair before graft 
occlusion occurs.38 One study randomized 156 patients to serial 
ultrasonography or ABI. Patients were referred for angiography 
and then corrective revascularization if 50% or greater stenosis 
was identified by ultrasound, or if the ABI decreased by 0.15 com-
pared with the postoperative baseline.39 Assisted primary cumula-
tive vein graft patency in the ultrasound group was 78% compared 
with 53% in the ABI group after 3 years. In other randomized stud-
ies, however, no benefit was found for ultrasound compared with 
ABI 1 year after surgery.40,41 The data for surveillance for synthetic 
bypass grafts39,42,43 and after angioplasty44 are less robust than for 
vein grafts.
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FIGURE 18-6 Segmental pressure measurements. Sequential Doppler pressures are measured by placing sphygmomanometric cuffs on the proximal thigh, 
distal thigh, calf, and ankle. Cuffs are inflated above systolic pressure and then slowly depressurized. Simultaneously, a Doppler probe placed over the dorsalis pedis or 
posterior tibial artery monitors pressure. As the cuff is slowly deflated, reappearance of Doppler signal indicates systolic pressure at the level of the cuff which permits 
blood flow. Arterial stenosis or occlusion will decrease perfusion pressure. Arterial pressure gradients between cuffs indicate presence of a stenosis. In this example, 
arterial pressures (mmHg) are noted in the location of each sphygmomanometric cuff. Patient has evidence of a systolic gradient between both upper thigh cuffs, 
suggestive of right iliac and/or common femoral arterial occlusive disease, and a gradient between right calf and ankle suggestive of arterial occlusive disease in 
the infrapopliteal arteries. A significant gradient between the left lower thigh cuff and calf cuff is indicative of distal superficial femoral artery and/or popliteal artery 
occlusive disease.
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Magnetic Resonance Angiography

Magnetic resonance angiography (MRA) is an accurate imag-
ing modality to diagnose PAD, visualize peripheral arteries, and 
determine the location of stenoses (see Chapter 13). Techniques 
used to image the arterial tree include black blood, phase con-
trast, time of flight ( TOF), and contrast-enhanced MRA.45 The 
application of two magnetic pulses to suppress signal in the ves-
sel lumen yields a dark appearance of flowing blood, with the 
vessel wall remaining white. Selective removal of blood from the 
image causes the lumen to appear black, and the technique is 
therefore called black blood. When the phase shift of moving 
electron spins in flowing blood is compared with surrounding 
stable tissue, blood volume and velocity can be measured to 
permit assessment of blood flow. Application of electrocardio-
graphic gating while interrogating the flow-related enhancement 
of spins into a partially saturated area provides a time of flight 
angiogram.46,47 Limitations of a flow-based TOF MRA include 
lengthy acquisition types, turbulence, nonlinear vascular struc-
tures, and retrograde flow.48

Most MRAs are performed using contrast, most commonly 
gadolinium. Contrast-enhanced MRA provides a high-resolution 
angiogram. Contrast-enhanced TOF MRA is useful as a noninva-
sive imaging test to define lower-extremity vascular anatomy. In a 
meta-analysis comparing contrast-enhanced MRA with TOF MRA, 
the  contrast-enhanced study had a much greater diagnostic accu-
racy.48 Use of contrast has improved scan quality and efficiency and 
enhanced vessel visualization and identification, especially in distal 
vessels49 (Fig. 18-8). Magnetic resonance angiography can identify 
the presence of stenoses and reveal distal vessels suitable for bypass 
not demonstrated by contrast angiography.50,51 In a meta-analysis of 
32 studies of contrast-enhanced MRA and intraarterial digital sub-
traction angiography (DSA), the pooled sensitivity of MRA was 95%, 
and specificity was 96%.52

One potential limitation is a tendency for MRA to overestimate 
lesion severity.53 Similar benefits and limitations exist in the imag-
ing of bypass grafts. Magnetic resonance angiography has a sen-
sitivity as high as 91% for identification of arterial bypass graft 
stenoses54 but overestimates lesion severity in up to 30% of steno-
ses.55,56 A sound strategy may involve use of MRA initially because 

of the noninvasive nature of the test and its superior identifica-
tion of bypass vessels, reserving DSA for cases requiring greater 
definition.57 Technological advancement is rapid in MRA, improv-
ing detection and identification of arterial occlusive disease. As 
imaging protocols and techniques, such as three-dimensional 
(3D) MRA imaging, gain acceptance and are made commonly 
available, MRA may ultimately be used as a stand-alone evalua-
tion prior to revascularization.58–60

FIGURE 18-7 A, Poiseuille law defines 
movement of an incompressible viscous fluid 
through a tube. Fluid entry into tube must equal 
its exit; thus, the ratio of peak-systolic velocity in 
the area of stenosis is proportional to the segment 
of normal vessel proximal to stenosis. When the 
ratio is greater than 2, stenosis of more than 
50% is diagnosed. Sensitivity and specificity of 
duplex ultrasound evaluation in determination 
of stenoses of 50% or greater range from 90% to 
95%. Normal arterial flow velocity is approximately 
100 cm/s. B, Doppler ultrasound is passed through 
a recently placed superficial femoral artery (SFA) 
stent, demonstrating normal flow velocity. This 
is indicative of a patent stent without evidence 
of restenosis. C, Doppler ultrasound is passed 
through distal anastomosis of a femoral-popliteal 
bypass graft, demonstrating a flow velocity of 
4.4 m/s. This is consistent with greater than 75% 
stenosis. Velocity in proximal normal segment is 
1.3 m/s (not shown).

A

B C

FIGURE 18-8 Gadolinium-enhanced magnetic resonance angiogram 
(MRA). This MRA was performed in a patient with Takayasu's arteritis. Several 
findings are notable. Patient has an occluded left renal artery, and right internal 
iliac artery has severe stenosis (thick arrow). At the thin arrow is an area of 
dropout due to image interference by a previously placed stent. Curved arrow 
indicates occluded left upper renal artery.
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Computed Tomographic Angiography

Computed tomographic angiography (CTA) has recently under-
gone rapid improvements in technology and imaging, allowing 
its entry into peripheral vascular imaging (see Chapter 14). Much 
of this advance results from development of multidetector-row 
CT scanners and improved resolution of arteries. Availability of 
higher resolution to scanners is particularly relevant for smaller 
and more distal arteries.

In meta-analyses of studies mostly using multidetector CT scan-
ners, pooled sensitivity and specificity for detecting stenoses of 
50% or greater in leg arteries were 91% to 92% and 91% to 93%, 
respectively.32,61 As scanner number increases, newer CT scanners 
should have even greater accuracy.

Computed tomography angiography is commonly presented 
using a maximal intensity projection (MIP) or with a volume 
rendering technique (Fig. 18-9). The MIP algorithm displays 
only the pixel with the highest intensity along a ray perpen-
dicular to the plane of projection. This algorithm creates a two-
dimensional (2D) projectional image similar in appearance to 
MRA or contrast angiography. Volume rendering applies shades 
of gray to pixels of varying density.62 Fourier transfer functions 
allow modification of the relative contribution of various pixel 
values. Volume rendering considers pixels that are only par-
tially filled with contrast material. Arterial calcification limits 
imaging with both CT techniques. Optimal techniques used for 
postprocessing are being developed.63 As resolution improves, 

CTA may become a regular instrument in the diagnostic arma-
mentarium because of its rapid study time (typically <1 min-
ute) or because of the 75% reduction in ionizing radiation 
compared with angiography.

Contrast Angiography

Contrast angiography is the most venerable and widely avail-
able method for imaging arterial anatomy (see Chapter 15). 
Angiography commonly serves as the standard for determin-
ing the sensitivity and specificity of newer techniques and 
is an excellent method to clarify arterial anatomical queries 
(Fig. 18-10). Technical improvements in equipment, includ-
ing smaller catheters, image resolution, and digital subtraction, 
have enhanced the capability of angiography. Digital subtraction 
eliminates bony and soft-tissue shadows from the angiographic 
image, enhancing angiographic detail. Despite wide acceptance 
of angiography as a reliable method for defining arterial  anatomy, 
its invasive nature,  requirement for  contrast, nephrotoxicity, risk 
of atheroembolism, and risk of  pseudoaneurysms or arteriove-
nous fistula (AVF) continue to foster development of alternative 
angiographic methods.

Summary
An algorithm for evaluating the patient with PAD is depicted 
in Figure 18-11. Diagnosis and evaluation of PAD is required 
in patients predisposed to develop PAD because of age or the 
presence of atherosclerotic risk factors and in patients whose 
history or examination are suggestive of PAD. An office evalua-
tion should include measurement of ABI. An exercise test with 
measurement of the ABI after exercise is appropriate if resting 
ABI is normal, yet clinical suspicion remains high. Patients with 
noncompressible ankle vessels should be referred to a vascular 
laboratory for additional testing, including segmental pressure 
measurements, pulse-volume recordings, and/or duplex ultra-
sonography. Symptomatic patients, particularly those with CLI 
who are being treated for revascularization, should undergo 
anatomical imaging with CT, MRA, or  conventional carotid 
angiography.

FIGURE 18-9 Volume-rendered computed tomographic (CT) angiogram 
of the lower extremities. Note superficial femoral artery (SFA) occlusion and 
collateral formation depicted by this study. (Image courtesy Dr. Joseph Schoepf.)

FIGURE 18-10 Contrast abdominal angiogram demonstrating 
significant aortic stenosis just proximal to bifurcation into iliac arteries 
(arrow).
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FIGURE 18-11 Algorithm for peripheral artery disease 
(PAD) evaluation. History, physical examination, and ankle-
brachial index (ABI) make the diagnosis of PAD in majority of 
cases. Treadmill exercise testing is performed in conjunction 
with measurement of ABI performed prior to and immediately 
following exercise. Segmental pressure measurements, pulse 
volume recordings (PVR), toe pressures, and arterial duplex 
ultrasound imaging are noninvasive vascular tests used to 
consider and assess severity of PAD. Anatomical imaging by 
duplex ultrasonography, computed tomography angiography 
(CTA), magnetic resonance angiography (MRA), or conventional 
contrast angiography is used to assess symptomatic patients 
who require revascularization. Patients with PAD require risk 
factor assessment and treatment. The physician should more 
aggressively inquire about leg symptoms and inspect feet for 
evidence of critical limb ischemia (CLI). CV, cardiovascular; DM, 
diabetes mellitus.
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Treatment of patients with peripheral artery disease (PAD) 
must take into consideration the risk of adverse cardiovas-
cular events related to systemic atherosclerosis (myocardial 
infarction [MI], stroke, death) and limb-related symptoms and 
prognosis (functional capacity, quality of life, limb viability). 
The risk of MI, stroke, or death related to cardiovascular dis-
ease is increased three- to sixfold in patients with PAD (see 
Chapter 16). Functional limitations imposed by PAD, includ-
ing symptoms of limb claudication, impaired walking ability, 
and critical limb ischemia (CLI), adversely affect quality of 
life and restrict patients’ abilities to participate in many basic 
vocational and recreational activities. In addition, patients 
with PAD are at increased risk of lower-extremity ulceration 
and amputation, and thus foot care represents an important 
component of management of these patients. Medical man-
agement of the patient with PAD has three central goals: (1) 
prevention of cardiovascular events, (2) improvement of qual-
ity of life and functional capacity, and (3) protection and care 
of the limb (Fig. 19-1). In this chapter, we review the evidence 
to support aggressive risk factor modification and antiplatelet 
therapy for patients with PAD to reduce adverse cardiovas-
cular events. We also review the physical and medical thera-
pies used to treat patients with intermittent claudication and 
CLI to improve lower-extremity function and ameliorate symp-
toms. Foot care for PAD is briefly discussed. Catheter-based 
revascularization for PAD is reviewed in Chapter 20, and sur-
gical revascularization for PAD is reviewed in Chapter 21. 
Multisocietal consensus guidelines for management of the 
patient with PAD are available and may be helpful in clinical 
practice.1,2

Risk Factor Modification and Antiplatelet 
Therapy for Prevention of Cardiovascular 
Events
Smoking Cessation
Tobacco smoking is strongly associated with development and 
progression of PAD, with the risk of PAD among smokers as high as 
threefold that of nonsmokers (see Chapter 16). Smoking cessation 
is a critical component of risk factor modification for patients with 
PAD. Epidemiological studies have established that smoking ces-
sation improves both cardiovascular and limb-related outcomes 
among patients with PAD. Given the established hazards of ciga-
rette smoking, it would be unethical to conduct a randomized clin-
ical trial of smoking cessation.

Smoking cessation has salutary effects on claudication symp-
toms, exercise physiology, and limb-related outcomes in patients 
with symptomatic PAD. Patients with intermittent claudication  
who quit smoking have longer pain-free walking times and max-
imal walking times compared with patients who continue to 
smoke.3 In a prospective study of patients with intermittent clau-
dication followed with serial noninvasive vascular testing over 
a period of 10 months, patients who quit smoking had signifi-
cant improvements in maximal treadmill walking distance and 
postexercise ankle pressure, whereas ongoing smokers had no 
changes in these parameters.4 Smoking cessation is also associ-
ated with improved clinical outcomes in patients with PAD. In a 
Swedish study, patients with intermittent claudication who were 
active smokers or who had quit within 6 months were followed 

prospectively for  development of limb-related and cardiovascu-
lar outcomes.5 At 7 years of follow-up, ongoing tobacco smoking 
was associated with development of CLI and was also an indepen-
dent predictor of the need for surgical revascularization. Indeed, 
only patients who continued to smoke developed rest pain during 
the follow-up period. Ongoing smoking was also associated with 
development of MI and a trend toward decreased overall survival 
at 10 years of follow-up.

Continued cigarette smoking is associated with adverse out-
come among patients with PAD referred for vascular surgery. In 
a prospective study of patients referred for femoropopliteal arte-
rial bypass grafting, ongoing tobacco use was associated with 
a significant reduction in the 1-year cumulative patency rate of 
both venous and prosthetic lower-extremity bypass grafts.6 In an 
Australian study of patients who underwent lumbar sympathec-
tomy or lower-extremity bypass grafting for symptomatic PAD, 
patients who quit smoking following surgery had dramatically 
improved 5-year survival rates compared to patients who contin-
ued to smoke.7 The majority of deaths that occurred in the post-
operative patients were due to a major vascular event, whereas 
the remaining deaths were due to other smoking-related illnesses, 
principally chronic obstructive pulmonary disease (COPD) and 
lung cancer.

Degree of ongoing tobacco use following revascularization may 
also be predictive of adverse events. In a registry study of patients 
who underwent their first arterial revascularization procedure, 
patients categorized as heavy smokers (>15 cigarettes/day) had 
significantly reduced overall survival compared to moderate smok-
ers (<15 cigarettes/day).8 In addition, there was a 10-fold higher 
amputation rate among heavy smokers compared with moderate 
smokers at 3 years’ follow-up.

Despite the multiple benefits of smoking cessation in patients 
with PAD, it is an extremely difficult goal to accomplish, and 
initial success rates are low. The efficacy of physician advice in 
achieving smoking cessation is less than 5%.9 The success rate 
is at least 10-fold higher when smoking cessation advice and 
encouragement are given to patients at risk for MI, or patients 
who have survived an MI. Intensive counseling customized to 
PAD patients who continue to smoke is associated with a sig-
nificant improvement in confirmed tobacco abstinence at 
6 months of follow-up, compared to standard clinical smoking 
cessation advice.10 Smoking cessation programs may be more 
successful when coupled with pharmacological therapy, includ-
ing both nicotine and non-nicotine agents. The antidepressant 
bupropion has been demonstrated to improve tobacco absti-
nence rates at 12 months relative to placebo when used alone or 
in combination with the nicotine patch.11 Recently, varenicline, 
a novel partial agonist of the nicotinic acetylcholine receptor 
(nAchR)  α4β, has been shown to improve tobacco abstinence 
rates among subjects both with and without cardiovascular dis-
ease, including patients with PAD.12,13 Among those with cardio-
vascular disease, varenicline was associated with a threefold 
likelihood of abstinence at 1-year follow-up compared with pla-
cebo, although the absolute abstinence rate was only 19.2%.13 
Side effects of varenicline include sleep abnormalities, nausea, 
and flatulence.13,14 Both varenicline and bupropion are asso-
ciated with an increased risk of neuropsychiatric side effects. 
Package labeling for both agents includes a black box warning 
recommending observation for changes in behavior or mood or 
development of suicidal ideation while receiving these agents 
for smoking cessation treatment.14,15
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RECOMMENDATIONS

Smoking cessation advice and encouragement of cessation efforts 
should be key components of each office visit. For patients moti-
vated to quit smoking, treatment with nicotine replacement ther-
apy, bupropion, or varenicline should be considered. These efforts 
may be incorporated into a formal smoking cessation program 
that includes longitudinal counseling on an individual basis or in 
a small group.

Lipid-Lowering Therapy
Dyslipidemia is a well-established risk factor for development of 
atherosclerotic vascular disease, including coronary artery dis-
ease (CAD) and cerebrovascular disease (CVD). In addition, epi-
demiological studies have established dyslipidemia—specifically 
high total and low-density lipoprotein (LDL) cholesterol—as a risk 
factor for development of atherosclerosis in the peripheral circu-
lation16–18 (see Chapter 16). There is a less established association 
between low levels of high density lipoprotein (HDL) cholesterol 
and development of claudication.16,19,20 The association, if any, 
between elevated triglycerides and PAD is controversial.19,20 The 
association of dyslipidemia with vascular disease has led to exten-
sive investigation of lipid-lowering therapy as a clinical strategy  
to prevent myocardial ischemia, stroke, and death in patients 
with systemic atherosclerosis. Some of these studies specifically 
addressed the use of lipid-lowering therapy in patients with PAD.

Given convincing epidemiological evidence that dyslipidemia 
is a risk factor for development of atherosclerosis and subsequent 
cardiovascular events, multiple randomized clinical trials inves-
tigated the use of lipid-lowering agents for prevention of death 
and other major cardiovascular events in high-risk patients. 
Development of highly effective and safe agents, particularly HMG-
CoA reductase inhibitors (“statins”), has led to widespread appli-
cation of lipid-lowering therapy for patients with hyperlipidemia 
and atherosclerotic vascular disease. In recent decades, multiple 
large randomized controlled trials established the role of lipid-
lowering pharmacotherapy, primarily with statins, in secondary 
prevention of cardiovascular events among patients with CAD.21–24 
Although these studies were not designed to specifically investi-
gate the long-term benefit of lipid-lowering therapy in patients with 
PAD, the findings are of relevance in these patients because most 
patients with PAD have either symptomatic or asymptomatic coro-
nary atherosclerosis.25–27

The Scandinavian Simvastatin Survival Study (4 S) was the first 
major clinical trial to demonstrate the survival benefit of aggres-
sive lipid-lowering therapy with statins in hypercholesterolemic 
patients with CAD.22 In secondary analyses, the 4 S investigators 
examined the effect of simvastatin on development of symptoms 
and signs of atherosclerotic vascular disease, including claudica-
tion and the appearance of a vascular bruit, during semiannual 

physical examinations of the study participants.28 There was no 
significant difference in detection of new or worsening femoral 
bruits, although this endpoint was likely limited by interobserver 
variability and the limited sensitivity of the physical examination. 
There was a 38% reduction in the incidence of intermittent clau-
dication and a 30% reduction in cerebrovascular events among 
patients randomized to simvastatin.22,28 Similar findings have been 
confirmed in subsequent studies of the use of HMG-CoA reductase 
inhibitors for treatment of symptomatic claudication, discussed 
later in this chapter.

The Heart Protection Study extended use of statins to secondary 
prevention of cardiovascular events in patients with atherosclero-
sis in any major vascular bed, and to primary prevention of car-
diovascular events in high-risk patients, particularly diabetics.27,29 
Patients were randomized to simvastatin or placebo and followed 
for a mean of 5 years. Eligible patients included those with docu-
mented CAD, CVD, or PAD, or patients without documented athero-
sclerotic vascular disease believed to be at high risk of a major 
vascular event due to diabetes or multiple cardiac risk factors. 
Patients enrolled in the study on the basis of PAD had intermittent 
claudication, had undergone lower-extremity revascularization, 
or had objective evidence of “leg artery stenosis.” The majority of 
patients randomized in the study had a history of CAD (65%); of 
these, 30% had PAD. There was a 13% reduction in the relative risk 
of all-cause mortality among patients randomized to simvastatin, 
due largely to a 17% reduction in the risk of vascular death. There 
was a 24% reduction in the first occurrence of any major vascular 
event among patients randomized to simvastatin. Patients enrolled 
on the basis of PAD alone, with no documented CAD, had a 19% 
reduction in incidence of first major vascular event if randomized 
to simvastatin. In a subsequent subset analysis of the 4588 subjects 
with PAD, randomization to simvastatin was associated with a 20% 
reduction in noncoronary revascularization procedures compared 
to placebo.30 There was no significant benefit of simvastatin on the 
incidence of lower-extremity amputation.

Non-LDL cholesterol, particularly low HDL cholesterol, has 
been identified as an independent risk factor for development 
of CAD.31,32 Pharmacological agents that raise HDL cholesterol 
(e.g., fibric acid derivatives, niacin) have not been as widely stud-
ied as agents that lower total and LDL cholesterol (i.e., statins) 
for secondary prevention of cardiovascular events in patients 
with atherosclerotic vascular disease, and specifically for PAD. 
The Veterans Affairs High-Density Lipoprotein Cholesterol 
Intervention Trial (VA-HIT) investigators randomized men with 
documented CAD and low HDL cholesterol to gemfibrozil or pla-
cebo and found a 22% reduction in the primary composite end-
point of death from CAD or nonfatal MI in the gemfibrozil cohort 
after a median of 5.1 years of follow-up.21 The incidence of periph-
eral vascular surgery, the only PAD endpoint studied, was not signifi-
cantly different within the treatment groups. Cardiovascular benefit 
has not been found in subsequent studies of other fibrates. The 
Bezafibrate Infarction Prevention (BIP) study was a randomized 
study of bezafibrate or placebo in patients with a previous MI or 
stable angina.33 Bezafibrate did not significantly affect the primary 
endpoint of fatal or nonfatal MI or sudden death. The Fenofibrate 
Intervention and Event Lowering in Diabetes (FIELD) study was a 
randomized study of fenofibrate or placebo in patients with diabe-
tes.34 Fenofibrate did not significantly affect the primary outcome 
of fatal coronary heart disease (CHD) and nonfatal MI, but did 
decrease secondary endpoints such as nonfatal MI and coronary 
and peripheral revascularization. Given these limited data, the role 
of therapies to target non-LDL cholesterol in the management of 
patients with PAD is uncertain.

RECOMMENDATIONS

The American College of Cardiology/American Heart Association 
(ACC/AHA) PAD guidelines recommend treatment of patients with 
PAD with an HMG-CoA reductase inhibitor to an LDL goal of less 
than 100 mg/dL (class I). A lower LDL goal of less than 70 mg/dL 
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FIGURE 19-1 Comprehensive management of the patient with 
peripheral artery disease (PAD) must include three important components 
of care: prevention of adverse cardiovascular events, foot care, and  
improvement of functional capacity and quality of life  (QOL).  MI, myocardial 
infarction. (Reproduced with permission from Cleveland Clinic Foundation.)
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is recommended as a more aggressive option for those patients at 
very high risk of an ischemic event (class IIa).1 Statins should be 
prescribed for all patients with PAD regardless of whether or not 
they have documented CAD. To date, no clinical trial has inves-
tigated the role of combination therapy (i.e., statin plus fibrate, 
statin plus ezetimibe) specifically among patients with PAD.

Treatment of Hypertension
Control of hypertension is critical for preventing stroke, MI, and 
congestive heart failure (CHF). Blood pressure control can be 
achieved with a number of pharmacological agents, either individ-
ually or in combination. Large randomized clinical trials have dem-
onstrated the benefits of pharmacotherapy on clinical outcomes, 
including death.35,36 Although patients with hypertension and PAD 
are at increased risk of serious vascular events, few studies have 
specifically addressed the benefit of blood pressure lowering in 
this population.

EFFECT OF BLOOD PRESSURE LOWERING 
ON CLAUDICATION

Conventional medical wisdom and small clinical trials have 
alleged that intensive blood pressure lowering, particularly with 
β-adrenergic blockers, may worsen symptoms in patients with clau-
dication and PAD.37–41 The safety of blood pressure–lowering ther-
apy, specifically with β-adrenergic blockers, in patients with PAD 
and claudication is of great importance. A substantial percentage 
of patients with PAD have concomitant CAD. In these patients—in  
particular, those who have had an MI—treatment with a β-adrenergic 
blocker has been demonstrated to be lifesaving therapy in large 
multicenter randomized clinical trials.42,43 β-Adrenergic blockers 
are also crucial for management of symptomatic angina pectoris 
in patients with CAD and patients with left ventricular (LV) dys-
function. In addition, β-adrenergic blockers are a key component 
of perioperative management of patients with PAD and claudica-
tion undergoing lower-extremity revascularization surgery.44,45

In a meta-analysis of small randomized controlled clinical trials 
of the use of β-blockers in patients with PAD and intermittent clau-
dication, there was no significant effect on pain-free or maximal 
walking distance among patients treated with β-blockers.46 Of the 
11 studies included in the analysis, only one study of 20 patients 
demonstrated an adverse effect of β-blockers on leg symptoms.40 
Recently there has been interest in the potential for the β-blocker 
nebivolol to improve claudication symptoms.47,48 In one study of 
128 patients with intermittent claudication randomized to nebivo-
lol or metoprolol for a 48-week treatment period, there was no 
significant difference in pain-free or maximal walking distance 
between the two β-blocker groups. There were modest improve-
ments in initial (for nebivolol) and absolute (both nebivolol and 
metoprolol) claudication distance compared to baseline, but in 
the absence of a placebo-treated control group, interpretation of 
these findings is limited.47

Demonstration of the safety of angiotensin-converting enzyme 
(ACE) inhibitors in the majority of patients with claudication is 
very important, particularly given the findings of recent trials that 
have established the importance of this class of agents in pre-
venting cardiovascular events.49 The effect of blood pressure–low-
ering therapy for 6 weeks with the ACE inhibitor perindopril was 
studied in patients with hypertension and one of many comorbid-
ities, including PAD.50 A subgroup of patients had significant symp-
tomatic PAD, defined as a pain-free walking distance of 80 to 200 
meters (Fontaine IIb) and an imaging study that demonstrated 
evidence of iliac or femoral arterial occlusive disease. Among the 
patients with PAD, there was no difference in the pain-free or maxi-
mal walking distance between the perindopril and placebo groups, 
although walking distance increased modestly in both groups 
above baseline. None of the PAD patients reported worsening clau-
dication. More recently, Ahimastos et al. reported a beneficial effect 
of the ACE inhibitor ramipril.51 In a pilot study of 40 patients with 

 superficial femoral artery (SFA) occlusive disease and intermittent 
claudication, without diabetes mellitus or hypertension, there was 
significant improvement in maximal walking time among patients 
randomized to ramipril compared with placebo.

CLINICAL OUTCOMES TRIALS

Two major clinical trials have investigated the potential benefits 
of blood pressure–lowering therapy in preventing cardiovascu-
lar events in patients with PAD. The Appropriate Blood Pressure 
Control in Diabetes (ABCD) trial studied the effect of intensive 
blood pressure control compared with moderate blood pressure 
control on the occurrence of cardiovascular events and renal 
insufficiency in diabetic patients.52,53 Normotensive (diastolic 
blood pressure 80-90 mm Hg) and hypertensive (diastolic blood pres-
sure > 90 mm Hg) diabetic patients were enrolled. The hypertensive 
patients were randomized to receive either enalapril or nisoldipine 
as first-line therapy. The normotensive patients were randomized 
to either intensive blood pressure treatment (with further random-
ization to one of the two study drugs) to achieve a reduction in 
diastolic pressure of 10 mm Hg, or standard therapy, in which case  
they received a placebo. Patients were followed for a mean of 
5 years. In a substudy of the diabetic patients in the normotensive 
cohort, the effect of intensive blood pressure treatment among 
patients with PAD was investigated.53 Among the 220 normotensive 
patients randomized to intensive blood pressure treatment, there 
was a 65% reduction in the relative risk of MI, stroke, or cardiovas-
cular death. There was a strong inverse relationship between base-
line ankle-brachial index (ABI) and risk of a cardiovascular event. 
Intensive blood pressure control negated this relationship and nor-
malized the odds of a cardiovascular event toward that of patients 
with a normal ABI (Fig. 19-2). The benefit of intensive blood pres-
sure control was evident even in patients with a severely decreased 
ABI, a subset of patients that had been excluded from prior stud-
ies.50 There were too few patients with PAD to analyze data for enal-
april and nisoldipine separately. The findings of the ABCD trial 
emphasize the importance of intensive blood pressure control in 
diabetic patients with PAD.

The Heart Outcomes Prevention Evaluation (HOPE) investiga-
tors tested the efficacy of the ACE inhibitor ramipril for primary 
and secondary prevention of cardiovascular events in high-
risk patients.49 Patients were enrolled on the basis of established 
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FIGURE 19-2 Intensive blood pressure control with enalapril or 
nisoldipine decreases the odds of a major vascular event among 
diabetic patients with peripheral artery disease (PAD). Results from 
the Appropriate Blood Pressure Control in Diabetics (ABCD) Trial. The inverse 
correlation of ankle-brachial index (ABI) and odds of a major vascular event are 
not present among patients randomized to the intensive blood pressure control 
group.  MI, myocardial infarction. (Reproduced with permission from Mehler PS, Coll 
JR, Estacio R, et al: Intensive blood pressure control reduces the risk of cardiovascular 
events in patients with peripheral arterial disease and type 2 diabetes. Circulation 
107:753–756, 2003.)53
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 atherosclerotic vascular disease (CAD, prior stroke, or PAD) or dia-
betes mellitus with additional cardiac risk factors. Some 44% of 
patients randomized had evidence of PAD, as manifested by a his-
tory of claudication with an abnormal ABI of less than 0.8, limb 
revascularization procedure, amputation, or angiographic evi-
dence of arterial stenosis.54 Patients were randomized to receive 
ramipril or placebo. At a mean of 5 years of follow-up, there was 
a 22% reduction in the primary composite endpoint of MI, stroke, 
or cardiovascular death among patients randomized to ramipril 
(Fig. 19-3). In subgroup analysis, the benefit of ramipril was pres-
ent regardless of baseline blood pressure. The benefit of ramipril 
on the composite endpoint was present among the subgroup of 
patients with PAD. The benefit of ramipril was likely due to cardio-
vascular benefits other than its blood pressure–lowering properties 
because the mean decrease in blood pressure among patients ran-
domized to active therapy was very small. The findings of the HOPE 
trial indicate that patients with PAD should be treated with an ACE 
inhibitor, regardless of baseline blood pressure or the presence or 
absence of diabetes.

For patients with PAD who are intolerant of ACE inhibitors (e.g., 
development of cough), an angiotensin receptor blocker (ARB) is 
an acceptable alternative agent for cardiovascular risk reduction. In 
the Ongoing Telmisartan Alone and in Combination with Ramipril 
Global Endpoint (ONTARGET) Trial, 25,620 patients at high risk for 
cardiovascular events, a population similar to the HOPE trial, were 
randomized to receive ramipril, the ARB telmisartan, or a combi-
nation of the two agents.55 The ONTARGET population included 
2468 patients with symptomatic PAD. After a median follow-up of 
56 months, the primary cardiovascular event rates in the ramipril, 
telmisartan, and combination therapy groups were statistically the 
same (≈6.5%). The combination of ramipril and telmisartan, how-
ever, was associated with higher rates of renal insufficiency and 
hypotension than either agent alone.

RECOMMENDATIONS

Blood pressure control is an important component of cardiovas-
cular risk reduction among patients with PAD, and all patients with 
PAD should routinely undergo blood pressure assessment. Blood 
pressure should be measured at least once in both upper extremi-
ties to exclude the possibility of occult subclavian stenosis lead-
ing to inaccurate blood pressure assessment in one of the arms. 
Any class of antihypertensive agents, including β-blockers, can be 
safely prescribed for blood pressure lowering, although ACE inhibi-
tors or ARBs should be considered as first-line therapies. Caution 
should be exercised when managing the patient with CLI because 

 aggressive blood pressure lowering may be detrimental in this 
small subset of patients. Even normotensive patients with PAD 
may benefit from ACE inhibitor or ARB therapy. Aggressive blood 
 pressure control is particularly important for diabetic patients with 
PAD. According to the ACC/AHA PAD guidelines, target blood pres-
sure for patients with PAD is below 140/90 mm Hg for nondiabetic 
and below 130/80 for diabetic patients (class I recommendation).1

Control of Diabetes Mellitus
Multiple epidemiological studies have established a strong associ-
ation between diabetes mellitus and PAD16,17,56,57 (see Chapter 16). 
The relative risk of PAD is two to four times that of nondia-
betic patients. Presence of diabetes is associated with adverse 
 limb-related outcomes among patients with documented PAD, 
including the need for amputation.58,59 In the Strong Heart Study, 
worsening glycemic control (determined by hemoglobin A1c 
[HbA1c] level) was associated with increased incidence of lower-
extremity amputation among diabetic Native Americans with and 
without PAD.60 In addition, diabetes is associated with a markedly 
increased risk of a major cardiovascular event, including myocar-
dial ischemia, stroke, and death. Therapeutic options for achieving 
glycemic control in diabetic patients include insulin, sulfonylureas, 
metformin, the thiazolidinediones (“glitazones”), and novel agents 
that modify carbohydrate absorption and breakdown into glu-
cose (α-glucosidase inhibitors) or increase insulin bioavailability 
through differing mechanisms (e.g., repaglinide, nateglinide, sita-
gliptin).61 Whereas clinical trials have established the vital impor-
tance of rigorous glycemic control for preventing microvascular 
complications in diabetic patients, the benefits of glycemic control 
for prevention of major cardiovascular events has not been defini-
tively established. In addition, recent randomized controlled trials 
have indicated that certain high-risk patients may be more likely to 
experience adverse effects with very intensive glycemic control.62

CLINICAL OUTCOMES TRIALS

The Diabetes Control and Complications Trial (DCCT) Research 
Group investigated whether intensive glycemic control could 
improve clinical outcomes in diabetic patients.63 A total of 1441 
young patients (aged 13-39 years) with type 1 diabetes mellitus, with 
and without retinopathy, were randomized to one of two glycemic 
control strategies: (1) intensive therapy with an insulin pump or fre-
quent injections to maintain blood sugar as close to normal as pos-
sible, or (2) conventional therapy with once- or twice-daily insulin 
injections. Development or progression of retinopathy was the pri-
mary endpoint of the study, and the low cardiovascular risk profile 
of the study population reflected this goal. Peripheral artery dis-
ease endpoints included development of claudication, persistent 
loss of a pedal pulse, and need for a revascularization procedure 
or limb amputation. Patients were followed for a mean of 6.5 years. 
Among patients randomized to intensive glycemic control, there 
were significant reductions in development and progression of 
retinopathy and proteinuria and development of sensorimotor 
neuropathy compared to patients treated with conventional glyce-
mic control. Owing to the young average age of the patient popula-
tion, there were few deaths or major macrovascular events in either 
treatment group. Nonetheless, randomization to intensive glycemic 
control was associated with a nonsignificant 42% reduction in 
peripheral vascular and coronary events.64 Perhaps more impor-
tantly, however, randomization to intensive glycemic control was 
protective against development of elevated total and LDL choles-
terol—risk factors for future development of cardiovascular events 
in this young patient population. Long-term follow-up data from the 
DCCT study were recently published.65 Additional observational 
follow-up data were available for 93% of patients enrolled in the 
original trial in the Epidemiology of Diabetes Interventions and 
Complications study. At a mean follow-up of 17 years, randomiza-
tion to intensive glycemic control showed a persistent 42% reduc-
tion in risk for a major cardiovascular event.
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FIGURE 19-3 Ramipril reduces the incidence of myocardial infarction 
(MI), stroke, or cardiovascular death among high-risk patients with 
atherosclerotic vascular disease or diabetes mellitus. *, P <0.001. 
(Reproduced with permission from Yusuf S, Sleight P, Pogue J, et al: Effects of an 
angiotensin-converting enzyme inhibitor, ramipril, on cardiovascular events in high-
risk patients. The Heart Outcomes Prevention Evaluation Study Investigators. N Engl 
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The United Kingdom Prospective Diabetes Study 33 (UKPDS 33) 
was designed to complement the findings of the DCCT by investi-
gating the effect of intensive glycemic control (with sulfonylureas 
or insulin) on the incidence of macrovascular events in type 2 dia-
betic patients.66 An earlier study of glycemic control strategies in 
type 2 diabetic persons found no cardiovascular benefit of inten-
sive therapy with insulin and an excess of cardiovascular deaths 
among patients treated with the sulfonylurea tolbutamide.67 This 
early finding generated concern regarding the safety and poten-
tial cardiovascular toxicity of sulfonylureas with prolonged use in 
diabetic patients. In the UKPDS 33, patients were randomized to 
intensive therapy with insulin or one of three sulfonylureas, or to 
conventional treatment with a prescribed diabetic diet; they were 
followed for a median of 10 years.66 Although there were no dif-
ferences in the treatment groups with regard to total mortality, 
cardiac mortality, or diabetes-related mortality, there was a 16% 
reduction in the relative risk of MI in the group randomized to 
intensive therapy. There was also a 39% reduction in relative risk of 
amputation in the intensive therapy group, which did not achieve 
statistical  significance. There were too few deaths attributable to 
PAD to allow for comparison. Consistent with the findings of the 
DCCT, there was a highly significant 25% reduction in relative risk 
of microvascular complications among patients randomized to 
intensive glycemic control, including the need for retinal surgery.

A follow-up study evaluated a subset of participants from UKPDS 
33 annually, either with clinical office visits or questionnaires, for 
up to 10 years after completion of the trial.68 During this period of 
follow-up, patients were managed at the discretion of their physi-
cians rather than per trial protocol, and differences in HbA1c levels 
between the intensive and conventional treatment groups equal-
ized. Despite this finding, the significant risk reduction in micro-
vascular events among patients initially randomized to intensive 
therapy persisted (24% reduction). More importantly, there were 
statistically significant gains in terms of demonstration of delayed 
cardiovascular benefit of intensive therapy of diabetes, with reduc-
tions in all-cause mortality (27% reduction) and risk of MI (33% 
reduction). There was no significant reduction in risk of stroke or 
peripheral vascular outcomes.

Both the DCCT and UKPDS 33 trials established the importance 
of glycemic control in the prevention of microvascular complica-
tions in diabetic patients. The post-trial follow-up cohort studies 
for each of these trials have shown a sustained benefit of glyce-
mic control on risk of microvascular complications and have also 
contributed data to support the possibility that intensive glycemic 
control (target HbA

1c ≈ 7 g/dL) in these trials may prevent macro-
vascular events, particularly MI.

There has been great interest in use of the insulin-sensitizing 
agents, metformin and the thiazolidinediones (glitazones), for pre-
vention of cardiovascular events in diabetic patients. In a substudy 
of the UKPDS (UKPDS 34), newly diagnosed, overweight, type 2 
diabetic patients were randomized to intensive therapy with met-
formin or a prescribed diabetic diet.69 Patients were followed for 
a median of 10.7 years. In contrast to the sulfonylurea arm of the 
study, there was a significant 42% reduction in diabetes-related 
mortality and a 36% reduction in all-cause mortality among 
patients randomized to metformin therapy compared with patients 
randomized to diet. There was no difference in the incidence of 
PAD endpoints between the two groups, although the total number 
of clinical events related to PAD was small.

Use of thiazolidinediones for glycemic control and prevention 
of cardiovascular events among diabetic patients has been an area 
of recent study and significant controversy. In the Prospective 
Pioglitazone Clinical Trial in Macrovascular Events (PROactive) 
study, 5238 type 2 diabetic patients with established macrovascu-
lar (atherosclerotic) disease, including CAD, prior stroke, or PAD as 
defined by history of intermittent claudication (with abnormal ABI 
or toe-brachial index [TBI]) or prior major amputation were ran-
domized to receive pioglitazone or placebo atop their established 
diabetes medical regimen and followed for incident cardiovascu-
lar events.70 At a mean follow-up of nearly 6 years, there was no 

significant difference between pioglitazone- and placebo-treated 
patients in the primary composite endpoint of all-cause mortal-
ity, nonfatal MI, stroke, acute coronary syndrome (ACS), coronary 
or leg endovascular or surgical revascularization, and amputation 
above the ankle. There was a 16% reduction in the secondary com-
posite endpoint of death, nonfatal MI, or stroke in patients random-
ized to pioglitazone.

Recently, there have been safety concerns related to the safety of 
rosiglitazone, another thiazolidinedione, including risk of MI and 
congestive heart failure.71 The RECORD (Rosiglitazone Evaluated 
for Cardiovascular Outcomes in Oral Agent Combination Therapy 
for Type 2 Diabetes) trial randomized type 2 diabetic patients on 
sulfonylurea or metformin therapy with adequate glycemic con-
trol to receive added rosiglitazone therapy or added sulfonylurea 
and metformin in an open-label design.72 After a mean of follow-
up of 5.5 years, there was no significant difference in the composite 
endpoint of cardiovascular death or hospitalization between the 
rosiglitazone and sulfonylurea/metformin combination therapy 
groups. There was, however, a more than twofold increase in risk 
of significant CHF (requiring hospitalization or leading to death) 
among rosiglitazone-treated patients. On the basis of previous 
meta-analyses and the findings of the RECORD trial, there is now 
a black box warning on the rosiglitazone label regarding adverse 
cardiovascular effects, and prescriptive access to this medication is 
restricted by the drug manufacturer.73

Three randomized controlled trials that have investigated the 
benefit of very intensive glycemic control (target HbA1c 6%-6.5% or 
normoglycemia) versus modern standard glycemic control (target 
HbA1c <7%-7.5%) among patients with type 2 diabetes.74–76 In the 
Action and Diabetes and Vascular Disease: Preterax and Diamicron 
Modified Release Controlled Evaluation (ADVANCE) trial, there 
was a 14% reduction in microvascular events among patients ran-
domized to highly intensive therapy, but there was no significant 
reduction in macrovascular events, including risk of death, MI, or 
stroke.76 In the Action to Control Cardiovascular Risk in Diabetes 
(ACCORD) study, not only was there no benefit of highly intensive 
glycemic control on a composite endpoint of cardiovascular death 
or nonfatal MI or stroke, but there was also an increased risk of 
death from any cause (22%) or cardiovascular death (35%) among 
individuals randomized to highly intensive therapy.74 There was 
a marked increase in hypoglycemic episodes requiring medical 
assistance (10.5% vs. 3.5%) among patients randomized to highly 
intensive therapy. The ACCORD trial was terminated early at the  
recommendation of its data safety and monitoring board based 
upon these findings. Finally, the Veterans Affairs Diabetes Trial 
(VADT) randomized type 2 diabetes patients to either standard 
therapy or highly intensive glycemic control (goal HbA

1c <6%) 
using rosiglitazone plus either glimepiride or metformin, based 
upon body mass index (BMI; metformin for patients with BMI ≥ 
27 kg/m2).75 In this trial, there was no benefit of intensive glycemic 
control on the risk of macrovascular, or surprisingly microvascular, 
complications during 5.6 years of follow-up.

RECOMMENDATIONS

The American Diabetes Association has published guidelines for 
the medical care of diabetic patients with and without PAD.77,78 The 
ACC/AHA PAD guidelines also address care of the diabetic patient 
with PAD.1 In response to the findings of ACCORD, ADVANCE, 
and VADT, updated multisocietal guidelines for glycemic control 
have been published.79 The standard target HbA1c of less than 
7% stands as a recommendation for most patients. However, it is 
 recommended that less stringent glycemic control be considered 
for patients with prior history of severe hypoglycemic reaction, for 
those with extensive micro- and macrovascular disease, and for 
those with limited life expectancy. A more stringent target (e.g., 
HbA1c <6%-6.5%) is recommended as a target for healthier patients 
with a long life expectancy and no major cardiovascular disease.

In addition to glycemic control, periodic foot examination by 
healthcare providers and patient education regarding  preventive 
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foot care is critical for diabetic patients with PAD, particularly 
given the prevalence of peripheral neuropathy. The American 
Diabetic Association and the ACC/AHA recommend ABI measure-
ment for all diabetic persons older than 50 years of age and for 
some younger patients with additional risk factors.1,77

Treatment of Hyperhomocysteinemia
Hyperhomocysteinemia is a disorder associated with derange-
ments of the metabolic pathway involved in metabolism of the 
essential amino acid methionine.80 Hyperhomocysteinemia is due 
to an inherited defect of one of the enzymes involved in trans-
sulfuration or remethylation of homocysteine, or can also occur 
as a result of malnutrition and deficiency of key cofactors for 
these enzymatic reactions (i.e., folic acid, vitamins B6 and B12). 
Hyperhomocysteinemia is associated with end-stage renal dis-
ease, although the mechanism by which this occurs is not well 
established.80 Inherited homocystinuria, the most striking form of 
hyperhomocysteinemia, is due to homozygous deficiency of the 
enzyme cystathionine β-synthase, a critical enzyme of the transsul-
furation pathway of homocysteine. Homocystinuria is associated 
with mental retardation, ectopia lentis, and premature coronary 
and peripheral atherosclerosis. Among heterozygotes for cystathi-
onine β-synthase deficiency, homocysteine levels are significantly 
lower (on the order of 20-40 μmol/L vs. up to 400 μmol/L for homo-
zygotes), although there is also a predisposition to premature ath-
erosclerosis.80 Multiple epidemiological studies have established 
an association between elevated plasma homocysteine levels and 
development and progression of CAD and CVD. Extensive epide-
miological evidence has also established hyperhomocysteinemia 
as an independent risk factor for asymptomatic PAD and the clini-
cal progression of symptomatic PAD.81–84 In addition to premature 
atherosclerosis, elevated levels of homocysteine are associated 
with a hypercoagulable state characterized by a tendency toward 
venous and arterial thrombosis.80,85

Because elevated plasma homocysteine levels are associated 
with low levels of the enzymatic cofactors folic acid, vitamin B6, 
and vitamin B12, vitamin supplementation is an obvious therapeu-
tic consideration for treating hyperhomocysteinemia. One small 
trial of healthy siblings of patients with hyperhomocysteinemia 
and premature atherosclerotic vascular disease (PAD, CAD, or 
CVD before age 56) randomized siblings to combination vitamin 
therapy with 5 mg folic acid and 250 mg vitamin B6 or placebo.86 
Siblings with and without evidence of hyperhomocysteinemia 
were enrolled. Subjects continued therapy for a period of 2 years 
and were followed for development of CAD (abnormal stress test), 
PAD (abnormal ABI or lower-extremity arterial duplex scan), and 
CVD (abnormal carotid artery duplex scan). Among patients ran-
domized to vitamins, fasting plasma homocysteine levels fell from 
14.7 to 7.4 μmol/L (a nearly 50% decline); there was an 18% decline 
in the placebo group. There was no significant difference in the 
development of PAD or asymptomatic CVD among the two groups. 
Among the patients randomized to aggressive vitamin therapy, 
there was a decrease in the incidence of an abnormal stress test.

Although the effectiveness of supplementation with folic acid 
and vitamin B

12 for lowering plasma homocysteine levels has been 
established, few data show a benefit of vitamin supplementation 
to prevent vascular events in patients with hyperhomocysteinemia 
or established vascular disease. In the second Heart Outcomes 
and Prevention Evaluation (HOPE-2) trial, patients with athero-
sclerotic vascular disease were randomized to receive folic acid, 
vitamin B

6 and B12, or placebo and followed for incident cardiovas-
cular events.87,88 Less than 10% of patients in the study population 
of 5522 had known symptomatic PAD, defined as intermittent clau-
dication or a history of bypass surgery or lower-extremity angio-
plasty.88 After 5 years of follow-up and despite a mean reduction in 
plasma homocysteine of 2.4 μmol/L in the vitamin-treated group 
(compared to an increase of 0.8 μmol/L in the placebo group), 
there was no benefit of vitamin therapy on the primary composite 
outcome of fatal or nonfatal MI or stroke.

In the Norwegian Vitamin Trial (NORVIT), patients with acute MI 
within the preceding 7 days were randomized to one of four arms 
in a factorial design (placebo, vitamin B6, folic acid + vitamin B12, 
or combination-therapy folic acid and vitamins B6 and B12).89 There 
was a 27% reduction in plasma homocysteine levels among indi-
viduals who received folic acid and vitamin B12. However, with a 
median follow-up of 40 months, there was no benefit of folic acid 
plus vitamin B12 therapy, with or without vitamin B6, on the com-
posite cardiovascular endpoint. Indeed, there was a trend toward 
increased risk of a fatal or nonfatal cardiovascular event among 
individuals randomized to triple-vitamin therapy compared to pla-
cebo. The Study of the Effectiveness of Additional Reductions in 
Cholesterol and Homocysteine (SEARCH) trial assessed the effect 
of folic acid and vitamin B

12 on vascular outcomes in 12,064 survi-
vors of MI.90 Treatment with these vitamins reduced homocysteine 
by 3.8 μmol/L (28%) but did not affect the primary outcome of first 
major vascular event, defined as a major coronary event, fatal or 
nonfatal stroke, or noncoronary revascularization.

RECOMMENDATIONS

To date, there have been no large clinical outcome randomized 
controlled trials that have specifically investigated treatment of 
hyperhomocysteinemia in a PAD population. In the absence of 
such studies, and given the findings of the HOPE-2, NORVIT, and 
SEARCH trials in patients with coronary and other atherosclerotic 
vascular disease, use of folic acid and vitamin B6 and B12 supple-
mentation to prevent cardiovascular events among PAD patients is 
not recommended.

Antiplatelet Therapy
The pivotal role of antiplatelet agents, particularly aspirin, in the 
secondary prevention of death and MI in patients with CAD has 
been established by large randomized clinical trials.91,92 The role 
of antiplatelet therapy in the management of patients with PAD 
continues to evolve, with important new data gleaned from recent 
large clinical trials directed primarily at the prevention of cardio-
vascular events in patients with and without CAD.

A recent meta-analysis of six primary prevention trials of 95,000 
individuals at low to average cardiovascular risk (representing 
660,000 person-years) found that aspirin reduced the risk of any 
vascular event by 12%.93 This was due primarily to a decrease in 
the risk of nonfatal MI, but not stroke or vascular mortality. This 
meta-analysis also included 16 secondary prevention trials of 
17,000 individuals at high-average risk, representing 43,000 person-
years. In the secondary prevention trials, aspirin reduced serious 
vascular events by 29%, including total stroke and coronary events, 
and was associated with a borderline nonsignificant 9% reduction 
in vascular mortality.

In 2002, the Antithrombotic Trialists’ Collaboration updated the 
1994 meta-analysis of the evidence supporting the use of anti-
platelet agents in the management of high-risk patients with ath-
erosclerotic vascular disease.91 Studies with different antiplatelet 
agents (e.g., aspirin, dipyridamole, picotamide, ticlopidine) were 
included. The initial meta-analysis determined that antiplatelet 
therapy significantly reduced the odds of a major vascular event 
among high-risk patients with atherosclerosis by 27%.92 Also, anti-
platelet therapy was effective for preventing both coronary and 
peripheral artery bypass graft occlusion, with a reduction in rel-
ative risk of graft occlusion of approximately one third.94 In the 
updated analysis, a total of 287 randomized trials with more than 
200,000 patients were included.91 Confirming the original findings, 
there was a 22% reduction in the odds of a serious vascular event 
(vascular death, nonfatal MI, or nonfatal stroke) among high-risk 
patients treated with antiplatelet agents. The benefit appeared to 
be greatest among studies that enrolled patients on the basis of 
high-risk criteria such as prior or acute MI, PAD, or atrial fibrilla-
tion. Among the 42 studies that enrolled 9214 high-risk patients on 
the basis of PAD, there was a 23% reduction in the odds of a major 
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vascular event among patients randomized to antiplatelet therapy. 
The benefit of antiplatelet therapy was consistent across all PAD 
enrollment criteria, including intermittent claudication and surgi-
cal lower-extremity revascularization. Of note, 2304 patients in this 
category were enrolled in a study that randomized PAD patients 
to treatment with a nonaspirin antiplatelet agent, picotamide, or 
placebo.95 Picotamide is an antiplatelet agent that both inhibits 
thromboxane A2 (TxA2) synthase and antagonizes the TxA2 recep-
tor of platelets. It is also noteworthy that none of the trials in this 
meta-analysis investigated the benefit of aspirin alone (i.e., not in 
 combination with dipyridamole) in standard clinical dosage (81-
325 mg daily ) versus placebo, a fact that was highlighted by an 
updated meta-analysis of aspirin therapy for PAD by Berger et al. 
in 2009 (discussed later).96

The Critical Limb Ischaemia Prevention Study (CLIPS) random-
ized patients with ABI less than 0.85 or TBI less than 0.6 who were 
asymptomatic or had stable leg claudication (Fontaine stage I/II) 
to aspirin 100 mg daily or placebo.97 Although an initial sample 
size of 2000 patients was planned, the trial was terminated early 
because of poor enrollment, and only 366 patients were random-
ized, with a minority followed for more than 2 years. Aspirin was 
associated with a 64% reduction in the relative risk of fatal and 
nonfatal vascular events and a 58% reduction in fatal and nonfatal 
vascular events or critical limb ischemia.

In contrast to the CLIPS trial, which included patients with clini-
cally significant PAD (claudication or asymptomatic PAD with low 
ABI), there have been two large randomized clinical trials that 
investigated the efficacy of aspirin in low-risk asymptomatic PAD 
patients. The Prevention of Progression of Arterial Disease and 
Diabetes (POPADAD) trial randomized 1276 patients older than 
40 years of age who had type 1 or 2 diabetes mellitus and an “abnor-
mal” ABI of less than 1.0, but who had no known cardiovascular 
disease and no symptoms of PAD.98 Subjects were randomized to 
aspirin 100 mg daily or placebo, as well as antioxidant vitamins, in 
a 2 × 2 factorial design. It is important to note that this was a popu-
lation that was not only asymptomatic in terms of PAD but also 
had relatively mild disease, with a median ABI in the study popu-
lation of 0.9, barely at the lower limit of normal. After a median 
follow-up of 6.7 years, there was no difference between the aspirin 
and placebo groups in the rate of fatal or nonfatal vascular events 
or amputation. In subset analysis, there was a nonsignificant trend 
toward benefit of aspirin among patients with ABI less than 0.9.

The largest trial of aspirin therapy for prevention of cardiovas-
cular events among patients with PAD to date was the Aspirin for 
Asymptomatic Atherosclerosis (AAA) Trial.99 In this trial, nearly 
29,000 Scottish patients between the ages of 50 and 75 years who 
had no cardiovascular disease were offered a screening ABI exam-
ination. A total of 3350 individuals with ABI below 0.95 were ran-
domized to receive 100 mg aspirin daily or placebo and followed 
for an average of 8.2 years. In this study, the lower of two ankle pres-
sures was used for calculating the ABI. There was no statistically 
significant difference in occurrence of the primary composite end-
point of fatal and nonfatal coronary events, stroke, or revasculariza-
tion between aspirin- and placebo-treated patients (Fig. 19-4).

Berger et al. performed a meta-analysis of 18 trials compris-
ing 5269 patients with PAD that evaluated the efficacy of aspirin  
(± dipyridamole) for prevention of cardiovascular events includ-
ing nonfatal MI, nonfatal stroke, and cardiovascular death.96 
This meta-analysis included the trials incorporated into the 
Antithrombotic Trialists’ Collaboration 2002 meta-analysis, as well 
as new data from the POPADAD trial and CLIPS; the AAA study 
was not included. Aspirin therapy, with or without dipyridamole, 
did not significantly reduce the rate of cardiovascular events. In 
subset analyses, aspirin was associated with a significant reduc-
tion in the incidence of nonfatal stroke, but not cardiovascular 
mortality, MI, or major bleeding.

Large multicenter randomized clinical trials have investigated the 
use of the antiplatelet agent clopidogrel for secondary prevention 
of cardiovascular events. Clopidogrel is a thienopyridine derivative 
that inhibits platelet aggregation by antagonism of the adenosine 

 diphosphate receptor.100 Clopidogrel is less likely to cause serious 
adverse hematological side effects, particularly neutropenia and 
thrombotic thrombocytopenic purpura, than its analog ticlopidine. 
Pooled analysis of early clinical trials suggested a trend toward a 
marginal benefit of ticlopidine over aspirin in the prevention of MI, 
stroke, or vascular death.92

The Clopidogrel versus Aspirin in Patients at Risk of Ischaemic 
Events (CAPRIE) study built on this finding and investigated the bene-
fit of clopidogrel versus aspirin in the secondary prevention of cardio-
vascular events.101 Patients with recent MI (within 35 days), ischemic 
stroke (within 6 months), or symptomatic PAD were randomized to 
clopidogrel (75 mg daily) or aspirin (325 mg daily). Patients enrolled 
on the basis of PAD had intermittent claudication and an abnormal 
ABI (ABI ≤0.85) or had undergone leg amputation or revasculariza-
tion. A total of 19,185 randomized patients were followed for devel-
opment of the primary composite endpoint of first occurrence of 
ischemic stroke, MI, or vascular death. After a mean 1.9 years of follow-
up, there was an 8.7% relative risk reduction in the annual event rate 
of the primary endpoint among patients randomized to clopidogrel. 
The benefit of clopidogrel over aspirin was greatest among the sub-
group of patients enrolled on the basis of symptomatic PAD, with a 
relative risk reduction of the composite endpoint of 23.8% (Fig. 19-5). 
There was no increase in minor or major bleeding episodes associ-
ated with clopidogrel, although there was an increased incidence of 
gastrointestinal hemorrhage among patients randomized to aspirin.

Dual antiplatelet therapy, namely the combination of aspirin 
and clopidogrel, reduced the rate of cardiovascular events among 
patients with ACS in the Clopidogrel in Unstable Angina to Prevent 
Recurrent Events (CURE) trial.102 The role of dual antiplatelet ther-
apy for secondary prevention of cardiovascular events among 
patients with stable atherosclerotic vascular disease was studied in 
the Clopidogrel and Aspirin versus Aspirin Alone for the Prevention 
of Atherothrombotic Events (CHARISMA) trial.103 In this trial, 
15,603 patients with symptomatic atherosclerotic vascular disease 
or multiple high risk features (e.g., diabetes mellitus, asymptomatic 
abnormal ABI) were randomized to receive either aspirin (75 to 
162 mg) plus clopidogrel or aspirin plus placebo and followed for 
incident cardiovascular events. After a median 28 months of follow-
up, there was no statistically significant difference in the primary 
endpoint, which was the rate of first fatal or nonfatal MI, stroke, 
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FIGURE 19-4 Aspirin therapy does not reduce the incidence of major 
vascular events among asymptomatic individuals with ankle-brachial 
index (ABI) <0.95. Results from the Aspirin for Asymptomatic Atherosclerosis 
(AAA) trial. There was no statistically significant difference in the primary 
composite outcome of fatal and nonfatal myocardial infarction (MI) or stroke 
or revascularization between the two groups. CI, confidence interval; y, year.  
(Reproduced with permission from Fowkes, FG, Price JF, Stewart, MC, et al. Aspirin for 
prevention of cardiovascular events in a general population screened for a low ankle-
brachial index: a randomized controlled trial. JAMA 303:841–848, 2010.)99
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or  cardiovascular death between the two groups. Dual antiplate-
let therapy increased the rate of moderate bleeding (i.e., requiring 
blood transfusion) but did not increase the rate of fatal bleeding 
or intracranial hemorrhage. A number of subset analyses were per-
formed, including a post hoc subset  analysis of patients with either 
symptomatic or asymptomatic PAD (N = 3096).104 Among PAD 
patients in CHARISMA, there was no significant difference in the 
primary composite cardiovascular endpoint, although there was a 
significant 37% reduction in the rate of MI among patients random-
ized to dual antiplatelet therapy.

In the Clopidogrel and Acetylsalicylic Acid in Bypass Surgery 
for Peripheral Arterial Disease (CASPAR) trial, 551 patients under-
going lower-extremity bypass surgery for claudication or CLI 
were randomized to dual antiplatelet therapy with  aspirin (75 to 
100 mg daily) plus clopidogrel (75 mg daily) or to aspirin plus pla-
cebo and followed for limb-related events (graft occlusion, repeat 
 revascularization, major amputation) and cardiovascular events, 
including death, over a period of up to 2 years.105 Compared to aspi-
rin alone, dual antiplatelet therapy did not reduce the risk of clini-
cal cardiovascular or limb-related events. In a post hoc analysis, 
dual antiplatelet therapy was associated with lower rates of graft 
occlusion and lower-extremity amputation among patients who 
had prosthetic (vs. venous) bypass grafting.

RECOMMENDATIONS

In light of the 20% to 25% reduction in serious vascular events attrib-
utable to antiplatelet therapy among patients with atherosclerotic 
vascular disease, all patients with PAD, regardless of concomitant 
CAD or CVD, should receive antiplatelet therapy. Antiplatelet ther-
apy for patients with lower-extremity PAD is given a class I recom-
mendation in the 2005 ACC/AHA PAD guidelines.1,2 The evidence 
base in support of antiplatelet therapy is strongest for patients with 
symptomatic PAD. Given the constraints of the available evidence, 
aspirin remains a reasonable first-line agent for PAD and should 
be prescribed at a dose of 81 to 325 mg daily. Aspirin therapy is 
particularly important among patients undergoing surgical or per-
cutaneous revascularization procedures, and should be continued 
perioperatively—or initiated as soon as possible postoperatively—
if it had not been prescribed previously.

Clopidogrel is a therapeutic alternative among patients intol-
erant of aspirin (e.g., gastrointestinal distress, allergy, broncho-
spasm), and can also be considered as the initial choice for 
patients with PAD. With the exception of patients with recent ACS 
or those undergoing percutaneous coronary or peripheral inter-
ventions, there is currently insufficient evidence to support dual 
antiplatelet therapy with aspirin and clopidogrel for the second-
ary prevention of cardiovascular events.

Anticoagulant Therapy
Several clinical trials have addressed the role of anticoagulant ther-
apy, typically with the vitamin K antagonist warfarin, in the manage-
ment of patients with PAD. These include several small studies that 
explored the potential effect of oral anticoagulation on limb-related 
outcomes. A review of three small trials found that oral anticoagu-
lation therapy had no benefit on walking capacity or limb-related 
outcomes, nor on cardiovascular outcomes among patients with 
intermittent claudication.106 Another trial, the Dutch Bypass Oral 
Anticoagulants or Aspirin investigators compared the efficacy of 
high-intensity warfarin (target international normalized ratio [INR] 
3.0-4.5) with aspirin (80 mg daily) therapy on graft occlusion in 
patients following infrainguinal bypass grafting.107 After a mean 
21 months of follow-up, there was no significant difference in the 
rate of graft occlusion between the warfarin and aspirin groups. 
Subset analyses, however, demonstrated a significant reduction 
(31%) in the rate of graft occlusion of venous conduit bypass grafts, 
but not prosthetic grafts, among patients randomized to warfarin.

The Warfarin Antiplatelet Vascular Evaluation (WAVE) trial 
studied the potential benefit of oral anticoagulation therapy in 
addition to aspirin for patients with noncoronary atherosclerotic 
vascular disease.108 The study included 2161 patients with ath-
erosclerotic vascular disease (symptomatic lower-extremity PAD, 
symptomatic or asymptomatic carotid artery disease (CAD), or 
subclavian artery stenosis) who were randomized to receive aspi-
rin (dose 81-325 mg) or aspirin plus warfarin (INR goal of 2-3). 
More than 80% of patients enrolled had lower-extremity PAD. The 
co- primary endpoints of the trial were: (1) cardiovascular death, 
nonfatal MI, and nonfatal stroke, and (2) the above plus need for 
urgent coronary or peripheral revascularization. Over a follow-up 
period of 35 months, there was no significant benefit of oral anti-
coagulation therapy in either of the two co-primary endpoints. 
There was 3.4-fold relative risk of life-threatening bleeding, and a 
15.2-fold relative risk for hemorrhagic stroke among patients ran-
domized to oral anticoagulation therapy.

RECOMMENDATIONS

Based on the lack of compelling efficacy data for warfarin and the 
associated risk of bleeding, both the American College of Chest 
Physicians Conference on Antithrombotic and Thrombolytic 
Therapy and the ACC/AHA PAD guidelines have issued recom-
mendations opposing routine use of oral anticoagulant therapy 
in patients with PAD.1,2,109 Anticoagulation therapy may be consid-
ered following an episode of acute limb ischemia that had been 
treated with thrombolytic therapy, or may be warranted when 
there is a comorbid condition associated with increased risk for 
thromboembolism (e.g., atrial fibrillation, mechanical heart valve, 
prior venous thromboembolism [VTE]). In such cases involving 
patients with PAD, oral anticoagulation should be combined with 
low-dose aspirin.

Care and Protection of the Feet
Careful attention to foot care is indicated to reduce the likelihood 
of skin breakdown and infection, and is particularly important in 
diabetic persons with vascular disease and in patients with criti-
cal limb ischemia. Treatment of lower-extremity ulcers is discussed 
in Chapter 60. The feet of patients with PAD should be kept clean, 
and moisturizing lotion applied to prevent drying and fissuring. 
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FIGURE 19-5 Clopidogrel decreases the risk of the composite endpoint 
of stroke, myocardial infarction (MI), or vascular death relative to aspirin 
among high-risk patients with atherosclerotic vascular disease. Relative risk 
reduction for each subgroup of patients is displayed with 95% confidence intervals. 
The benefit of clopidogrel is particularly pronounced among the subset of patients 
with peripheral artery disease (PAD). (Adapted and reproduced with permission from 
the CAPRIE Steering Committee: A randomised, blinded trial of clopidogrel versus aspirin 
in patients at risk of ischaemic events [CAPRIE]. Lancet 348:1329–1339, 1996.)101
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Stockings should be made of absorbent natural fibers. Well-fitted 
shoes are recommended to reduce the risk of pressure-induced 
necrosis. In some patients, customized footwear or orthotic devices  
(e.g., for the patient with excessive callous formation or bony 
deformities) are indicated. The patient is advised to inspect the 
skin of the feet frequently so minor abrasions can be addressed 
promptly. High-grade graduated elastic stockings should generally 
be avoided because they can restrict cutaneous blood flow.

In patients with ischemia at rest, conservative measures include 
placing the affected limb in a dependent position (i.e., below 
heart level) to increase perfusion pressure and oxygen tension 
in ischemic tissues. If there is edema, which may impair healing, 
the limb is kept horizontal instead. Sheepskin should be placed 
beneath the heels of the feet to prevent skin breakdown at these 
sites. A footboard should be used to cradle the blankets over the 
feet in a fashion that minimizes frictional trauma. Alternatively, 
protective boots may be used. Wisps of cotton or lambswool 
inserted between the toes help protect the digits from intertrigi-
nous friction and moisture. Gentle warmth is recommended to 
minimize vasoconstriction, but excessive heat should be avoided. 
Tinea pedis should be treated with appropriate antimicrobial 
preparations to reduce the risk of cutaneous breakdown leading 
to bacterial superinfection. Caution is advised in the use of topi-
cal medications because of the possibility of local inflammatory 
reactions. Open sores should be kept clean, and deep cultures 
should be obtained (also see Chapter 60). Antibiotic medica-
tions are not always effective, in part because of impaired deliv-
ery to ischemic tissue. Plain roentgenographic examinations or 
magnetic resonance imaging (MRI) of underlying bone may be 
helpful in assessing the possibility of osteomyelitis, for which anti-
biotic therapy generally is given.

Improvement of Function and Quality 
of Life
Treatment of Intermittent Claudication  
and Critical Limb Ischemia
Physical and pharmacological therapies should be considered in 
the treatment plan of patients with symptomatic PAD. These include 
supervised exercise rehabilitation and pharmaco therapy. Drugs 
available for the treatment of intermittent claudication include 
cilostazol and pentoxifylline. Investigative pharmacotherapies 
include prostaglandins (PGs), metabolic agents, angiogenic 
growth factors, stem cell therapy, and statins. The evidence sup-
porting and refuting the efficacy of drug therapy for intermittent 
claudication and CLI is reviewed subsequently. Endovascular and 
surgical reconstructions for the treatment of disabling claudication 
are reviewed in Chapters 20 and 21.

Exercise Training
Supervised exercise training programs improve walking dura-
tion, speed, and walking distance in patients with intermittent 
claudication. Although supervised exercise therapy has been 
shown to be highly cost-effective compared to catheter-based 
revascularization for treatment of lower-extremity claudication, 
it is not widely available owing to a lack of reimbursement by 
most third-party payers in the United States.110,111 Two separate 
 meta-analyses have supported the efficacy of supervised exercise 
training. One meta-analysis of 21 randomized and nonrandom-
ized trials found that pain-free walking distance and maximal 
walking distance increased by 180% and 120%, respectively.112 
Another meta-analysis that included 10 randomized trials found 
that supervised exercise training improved maximal walking dis-
tance by 150%.113 Strength or resistance training is not as effective 
as treadmill training in improving walking distances in patients 
with claudication.114, In the recently published Claudication: 
Exercise Versus Endoluminal Revascularization (CLEVER) study, 

randomization to supervised exercise training was associated 
with improved maximal walking time at 6 months follow-up 
compared to endovascular therapy or optimal medical therapy 
among patients with aortoiliac occlusive disease115. Supervised 
exercise training has also been shown to improve  quality of life 
among patients with PAD and either claudication or atypical 
leg symptoms.114 Unsupervised exercise training programs are 
not as effective as supervised programs.116,117 Most comparative 
studies have found that home-based unsupervised exercise is 
not as effective as supervised exercise training. A recent study, 
 however, did observe comparable improvement in walking time 
between home-based exercise coupled with activity monitoring 
and supervised exercise training.116

Several mechanisms have been proposed to explain the improve-
ment in walking distance that results from exercise training. These 
include collateral blood vessel development, enhancement in 
endothelium-dependent nitric oxide (NO)-mediated vasodila-
tion of the microcirculation, improved hemorrheology, increased 
oxidative capacity of calf skeletal muscle, and better walking bio-
mechanics.119 Exercise training has been found to improve collat-
eral blood flow in animal models of hindlimb ischemia, as well as 
capillary density in humans.120–122 Exercise-induced angiogenesis 
has been attributed to up-regulation of angiogenic growth factors 
such as vascular endothelial growth factor (VEGF).123,124 Increased 
expression and activity of endothelial nitric oxide synthase (eNOS) 
and production of NO may contribute to angiogenesis.121,123,125,126 In 
humans, several studies have found that exercise training improves 
maximal calf blood flow following exercise.127,128 Similarly, exercise 
training improves calf blood flow during reactive hyperemia fol-
lowing an ischemic stimulus. There was no effect of exercise train-
ing on resting calf blood flow in these studies. Exercise training 
enhances endothelium-dependent vasodilation in peripheral con-
duit arteries, and thereby may contribute to improved blood flow 
and walking time in claudicants.114,129,130 Improvement in skeletal 
muscle metabolic function, and specifically oxidative capacity, 
occurs with exercise training and may be relevant to the improve-
ment in walking capacity experienced by patients with intermit-
tent claudication.131,132 Also, exercise training may improve walking 
distance by altering biomechanics and adapting patterns of walk-
ing that are more efficient, engaging skeletal muscle less affected 
by ischemia, and improving gait stability.133

A number of novel approaches to exercise training for improve-
ment of functional capacity for patients with PAD are currently 
under investigation, including supervised interval training, home-
based monitored exercise programs, and arm ergometry.118,134–137

RECOMMENDATIONS

In the ACC/AHA PAD guidelines, a program of supervised exer-
cise training is recommended as an initial treatment modal-
ity for patients with intermittent claudication (class I).1 Exercise 
programs should use a treadmill or a track and take place in ses-
sions of 45 to 60 minutes at least 3 times a week for a minimum 
of 12 weeks. Prior to beginning exercise rehabilitation, patients 
should undergo a comprehensive cardiovascular risk assessment 
that includes a history, physical examination, and ascertainment 
of all relevant atherosclerotic risk factors. An electrocardiogram 
(ECG)-monitored exercise tolerance test tailored to the patient's 
symptoms and ability should be performed to assess develop-
ment of any exercise-induced cardiac symptoms, heart rate and 
blood pressure responses, ST-segment depression, and arrhythmias. 
It also may serve as a baseline evaluation of the time to onset of 
claudication, and maximal walking time tolerated on the tread-
mill. During the training session, patients should be encouraged to 
walk until symptoms of moderate severity develop. Following a rest 
period and resolution of symptoms, walking should resume until 
symptoms recur. This cycle should be repeated as many times 
as needed during the 45- to 60-minute period. For patients unable 
to participate in a supervised exercise training program, a home-
based walking  program is recommended.
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Vasodilator Drugs
Vasodilator drugs have undergone extensive investigation for 
treatment of patients with claudication and critical limb  ischemia. 
It is tempting to assume that treatment with a  medication that 
reduces arteriolar resistance would be as effective for patients 
with PAD as nitrates and calcium channel blockers are for 
patients with angina. In general, however, vasodilator drug ther-
apy has been disappointing for relief of intermittent claudica-
tion. Differences in the pathophysiology of limb and myocardial 
ischemia may promote insight into the disparate efficiency of 
vasodilator drugs. Vasodilator therapy may decrease myocardial 
oxygen demand, but is not likely to affect skeletal muscle oxy-
gen demand. Therefore, to be effective, vasodilators would have 
to improve the blood supply to exercising muscle.

When an obstructive arterial lesion produces critical stenosis, dis-
tal perfusion pressure is reduced (see Chapter 17). Intramuscular 
(IM) arterioles normally dilate in response to the metabolic 
demands of limb exercise, but flow augmentation is blunted in 
patients with proximal stenotic disease. Also, distal pressure falls 
during exercise, leading to accumulation of the ischemic metabo-
lites believed to mediate the symptom of claudication. These sub-
stances potentiate local vasodilation and perfusion pressure falls, 
no longer balancing the extravascular compressive force exerted 
by exercising muscle within the tissue compartment. The distal vas-
culature virtually collapses under these circumstances, and this 
mechanism may not be mitigated by vasodilator therapy. Indeed, 
vasodilator drugs, including β-adrenergic agonists (isoprotere-
nol, nylidrin), α-adrenergic antagonists (reserpine, guanethidine, 
tolazoline), calcium channel blockers, nitrates, and others (isoxsu-
prine, cyclandelate) have been evaluated in clinical trials. None 
increases blood flow in exercising skeletal muscle subtended by 
significant arterial obstructive lesions, nor do any of these improve 
symptoms of intermittent claudication or objective measures of 
exercise capacity. Nonetheless, one drug with vasodilator proper-
ties, cilostazol, has been reported to improve walking distance in 
patients with claudication.

CILOSTAZOL

Cilostazol was approved by the U.S. Food and Drug Administration 
(FDA) in 1999 for use in patients with intermittent claudication. 
As a phosphodiesterase (PDE) III inhibitor, cilostazol increases 
cyclic adenosine monophosphate (cAMP), causes vasodilation, 
and inhibits platelet aggregation.138–141 The precise mechanism of 
action whereby cilostazol may improve symptoms of claudica-
tion, however, is not known. In a pooled analysis of 2491 patients 

in nine trials, cilostazol (100 mg twice daily) increased maximal  
walking distance by approximately 50% compared to 24% for pla-
cebo,  corresponding to an absolute improvement of 42 meters 
more than the improvement with placebo142 (Fig. 19-6). The effi-
cacy of cilostazol compared to placebo among patients with CLI 
has not been evaluated, although observational studies have 
reported improvements in lower-extremity micro circulation and 
amputation-free survival among cilostazol-treated patients.143,144

Cilostazol is primarily metabolized in the liver by the CYP3A4 
and CYP2C19 isoenzymes. Prescription of low-dose (50 mg twice 
daily) cilostazol is recommended for patients who concurrently 
take medications that are known to inhibit CYP3A4 or CYP2C19, 
including diltiazem, fluoxetine, fluconazole, erythromycin, and 
other macrolide antibiotics (CYP3A4), as well as omeprazole 
(CYP2C19).145 Side effects of cilostazol are relatively common and 
include headache in approximately 25%, palpitations in approxi-
mately 15%, and diarrhea or abnormal stool in 15% to 20%.146 The 
FDA has advised that cilostazol not be administered to patients 
with CHF of any severity.145 The reason for this advisory is that 
when studied in patients with congestive heart failure, other PDE 
III inhibitors, such as milrinone or vesnarinone, were associated 
with increased mortality.147,148 Cilostazol has not been associated 
with increased mortality rates, but it has not been studied in a heart 
failure population.

In the Cilostazol: A Study in Long-Term Effects (CASTLE) trial, 
1435 patients with claudication were randomized to receive cilo-
stazol (100 mg twice daily) or placebo and followed for adverse 
events.149 At approximately 3 years of follow-up, there was no excess 
of death or serious bleeding events among those randomized to 
cilostazol compared to placebo. Importantly, the discontinuation 
rate of study medication was very high in this trial (>60%), perhaps 
reflective of the side effect profile of cilostazol.

Recommendations

Cilostazol is an effective therapy to improve walking distance in 
patients with intermittent claudication, and a therapeutic trial 
of cilostazol is recommended in the ACC/AHA PAD guidelines 
(class I).1 Physicians should be aware of the side effect profile 
of this drug and are advised not to administer this medication to 
patients with congestive heart failure.

PROSTAGLANDINS

Vasodilator PGs have undergone somewhat extensive investiga-
tion for the treatment of patients with intermittent claudication 
or critical limb ischemia. This class of drugs includes prostaglan-
din E1 (PGE1), prostacyclin (PGI2), and its analogs beraprost and  
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Pooled 2251 �0.0001
100

Favors
Cilostazol 100 mg

Favors Placebo

Study 98–213 449 0.910
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Study 95–201 126 0.896
Study 94–301 245 0.055
Money 1998 219 0.000
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FIGURE 19-6 Cilostazol improves maximal walking distance in patients with claudication. Meta-analysis of nine randomized controlled trials including 
1258 subjects. Shown are random effects–weighted differences in maximal walking distance, with 95% confidence intervals (CI) for the nine trials and the pooled 
treatment effect. There was a pooled improvement of 42.1 meters in maximal walking distance compared to placebo over a mean follow-up of 20.4 weeks. (Reproduced 
with permission from Pande RL, Hiatt WR, Zhang P, et al: A pooled analysis of the durability and predictors of treatment response of cilostazol in patients with intermittent 
claudication. Vasc Med 15:181–188, 2010.)142
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iloprost. The efficacy of vasodilator PGs administered intraar-
terially (IA) or intravenously (IV) has been assessed in patients 
with intermittent claudication and in patients with critical limb 
ischemia. A systematic review of clinical trials of prostanoids for 
treatment of claudication found that short-term IA or IV adminis-
tration of PGE1 to patients with intermittent claudication appeared 
to increase walking distance, whereas IV PGI

2 or its analog tapros-
tene was found not to improve walking distance.150 Two placebo-
controlled trials of oral beraprost administered for 6 months had 
conflicting results, one showing improvement and one showing 
no change in pain-free or maximal walking distance.151,152 In one 
multicenter placebo-controlled trial, iloprost administered for 
6 months was no more effective than placebo in improving pain-
free or maximal walking distance among patients with intermittent 
claudication.153

Short-term (i.e., 3-4 days) IA or IV administration of PGE1, ilo-
prost, or ciprostene is not effective in ameliorating critical limb 
ischemia,154 but when administered parenterally for longer peri-
ods of time (7-28 days) may reduce pain, ulcer size, or risk of 
amputation.154 The Ischemia Cronica degli Arti Inferiori study 
assessed the efficacy of IV PGE1 or placebo in 1560 patients with 
critical limb ischemia. The relative risk of death, major amputa-
tion or persistence of critical limb ischemia, acute MI, or stroke 
was significantly reduced by 13% at the time of  hospital discharge 
but not at 6 months. After 6 months of treatment, there was no dif-
ference between groups in death or amputation, but there was a 
greater chance of resolution of CLI in those survivors who did not 
have amputation.155 Two randomized placebo-controlled studies 
assessed the effect of oral iloprost on critical limb ischemia.156 
There was no apparent benefit of iloprost in terms of reducing 
the risk of the primary endpoint of amputation or death, but 
there was a modest benefit in terms of resolution of ulcers and 
rest pain in those who survived without amputation. In a recent 
trial of patients with critical limb ischemia, twice-daily infusion of 
taprostene compared with placebo did not improve pain control, 
wound healing, or amputation rates.157 Side effects of PGs include 
flushing, headache, and gastrointestinal distress.

Recommendations

The use of oral or IV vasodilator PGs, such as beraprost and iloprost, 
is not recommended to improve walking distance in patients with 
intermittent claudication.1 In addition, these drugs are not effective 
therapy to reduce the risk of amputation or death in patients with 
critical limb ischemia.

CALCIUM CHANNEL BLOCKERS

The efficacy of calcium channel blockers in patients with inter-
mittent claudication has been evaluated in several small clinical 
trials. Nifedipine failed to improve exercise tolerance as assessed 
by pedal ergometry in a randomized placebo-controlled trial.158 In 
another placebo-controlled trial comparing nifedipine with ateno-
lol, alone or in combination, nifedipine did not improve pain-free 
or absolute walking distance.41 In one placebo-controlled dose-
ranging crossover trial, verapamil improved pain-free walking dis-
tance by 29% and maximal walking distance by 49%.159 There have 
been no subsequent trials with verapamil reported to confirm 
these findings.

Hemorrheological Agents
PENTOXIFYLLINE

Pentoxifylline is a methylxanthine derivative that was approved by 
the FDA in 1984 for treatment of patients with intermittent clau-
dication. It is purported to decrease blood and plasma viscosity, 
improve red and white blood cell deformability, inhibit neutro-
phil adhesion and activation, and decrease plasma fibrinogen, 
although not all studies have confirmed these findings.160–162 One 
meta-analysis of 11 trials comprising 612 patients found that 

 pentoxifylline (600-1200 mg daily) improved pain-free walking 
distance by 29 meters and maximal claudication distance by 48 
meters.163 Another  meta-analysis of six randomized double-blinded 
placebo-controlled trials found that pentoxifylline improved 
pain-free walking distance by 21 meters and maximal claudica-
tion distance by 44 meters.164 The meta-analyses did not include 
a large randomized placebo-controlled trial of 698 patients with 
intermittent claudication, of whom 232 received pentoxifylline, 
227 received cilostazol, and 239 received placebo.146 In this trial, 
there was no difference in pain-free walking distance or maximal 
walking distance between the pentoxifylline- and placebo-treated 
groups after 24 weeks of treatment. Pain-free and maximal walking 
distance increased in the cilostazol group compared with both 
placebo and pentoxifylline. In a trial of iloprost versus pentoxifyl-
line versus placebo among patients with intermittent claudication, 
there was a 14% improvement in maximal walking distance among 
patients randomized to pentoxifylline compared to placebo.153

The efficacy of pentoxifylline to improve CLI has been studied in 
two placebo-controlled trials. 165,166 In one study, patients with CLI 
were randomized to treatment with IV pentoxifylline (600 mg twice 
daily) or placebo for up to 21 days. Severity of rest pain was signifi-
cantly reduced in patients treated with pentoxifylline compared with 
those who received a placebo.165 Yet, in another placebo-controlled 
trial in which pentoxifylline (600 mg intravenously) was adminis-
tered to patients with critical limb ischemia, there was no significant 
difference in pain relief between the placebo and pentoxifylline 
treatment groups.166 It is not known whether pentoxifylline facilitates 
ulcer healing or reduces risk of amputation in patients with critical 
limb ischemia. Side effects of pentoxifylline include dyspepsia, nau-
sea, vomiting, eructation, flatus, bloating, and dizziness. Side effects 
requiring discontinuation of the drug occur in up to 9.6% of patients.

Recommendations

The clinical efficacy of pentoxifylline for intermittent claudica-
tion is not well established. Improvement in claudication dis-
tance is very modest at best, and falls within a range that may 
not be clinically recognized by the patient. Nonetheless, pentox-
ifylline may be considered as a second-line alternative to cilo-
stazol in the ACC/AHA PAD guidelines for treating intermittent 
 claudication (class IIb) and is the only other FDA-approved agent 
for this indication.1 Pentoxifylline is not useful in the treatment of 
critical limb ischemia.

Metabolic Agents
Symptoms of intermittent claudication may be related in part to 
abnormalities in skeletal muscle metabolism (see Chapter 17). 
Therefore, drugs that favorably affect oxidative metabolism may 
confer benefit by enhancing skeletal muscle function even with-
out improving blood supply. For example, l-carnitine and its deriva-
tive propionyl-l-carnitine enhance glucose oxidation and oxidative 
metabolism via the Krebs cycle by providing a source of carni-
tine.167 Three placebo-controlled trials have assessed the efficacy 
of propionyl-l-carnitine in patients with intermittent claudica-
tion.168–170 In these studies, propionyl-l-carnitine administered as a 
1-g oral dose twice daily improved maximal walking distance by 
54% to 73%, whereas those randomized to placebo increased maxi-
mal walking distance 25% to 46%. Propionyl-l-carnitine improved 
physical function, walking speed, and distance as assessed by 
 quality-of-life questionnaires.168,171 Propionyl-l-carnitine was not 
associated with any significant adverse side effects.

A recent trial assessed the potential benefit of propionyl-l- 
carnitine therapy (vs. placebo) as adjunctive treatment to home-
based monitored exercise training for patients with intermittent 
claudication.172 In this trial, maximal walking time increased in 
both the propionyl-l-carnitine and placebo groups after 6 months 
of exercise training, with a nonsignificant trend toward improved 
walking in the propionyl-l-carnitine group. Propionyl-l-carnitine 
has potential merit for treating intermittent claudication, but 
should be  considered investigational at this time.
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Ranolazine is a piperazine derivative that inhibits fatty acid oxi-
dation, activates pyruvate dehydrogenase, and shifts metabolism 
toward carbohydrate oxidation, thereby increasing efficiency of 
oxygen utilization.173 Ranolazine improves exercise capacity and 
decreases angina frequency in patients with CAD and was asso-
ciated with improvement in pain-free walking time (vs. placebo) 
among patients with intermittent claudication in a single-center 
pilot study.174–176

Angiogenic Growth Factors
Angiogenic growth factors have undergone investigation for 
treatment of PAD. This class of drugs includes VEGF, fibroblast 
growth factor (FGF), hepatocyte growth factor (HGF), and 
hypoxia- inducible factor-1α (HIF-1α). They may be administered 
as recombinant proteins or by gene transfer using plasmid deoxy-
ribonucleic acid (DNA) or an adenoviral vector that encodes 
the angiogenic growth factor.177 Vascular endothelial growth 
factor, FGF, and HIF-1α increase collateral blood vessels and 
improve blood flow in animal models of hindlimb ischemia.178–181 
Therefore, angiogenic growth factors have the potential to pro-
mote collateral blood vessel formation and thereby increase 
blood flow to the ischemic limbs of patients with PAD.

VASCULAR ENDOTHELIAL GROWTH FACTOR

Several nonrandomized open-label studies found that IA gene 
transfer therapy of pHVEGF165 increased collateral blood vessels, 
as assessed by MRI or digital subtraction angiography (DSA) in 
patients with PAD.182,183 Also, pHVEGF165 administration improved 
blood flow and increased ABI in some patients who participated in 
these trials.182 A randomized placebo-controlled trial of IM VEGF121 
was conducted (DSA) in patients with unilateral intermittent clau-
dication. There was no significant improvement in pain-free or 
maximal walking distance after 12 or 26 weeks.184

FIBROBLAST GROWTH FACTOR

Recombinant FGF2 administered directly into the femoral artery 
was evaluated in a placebo-controlled study.185 Patients were ran-
domized to receive FGF2 on one occasion only, on two occa-
sions 30 days apart, or placebo. One-time administration of FGF2 
increased peak walking time at 90 days by 34% compared with 
14% for placebo. Yet, there was no significant improvement in peak 
walking time compared with placebo when FGF2 was adminis-
tered on two occasions. A nonrandomized study of patients with 
CLI observed that IM injection of plasmid DNA encoding FGF1 
reduced pain and ulcer size and increased the ABI.186 In a phase 
2 placebo-controlled study of patients with critical limb ischemia, 
IM administration of FGF1 using a plasmid vector did not improve 
ulcer healing, the primary endpoint, but did decrease secondary 
endpoints including all amputations and the composite of major 
amputation and death.187 However, in a follow-up phase 3 study of 
patients with critical limb IM, FGF1 did not decrease amputation-
free survival.188

OTHER ANGIOGENIC GROWTH FACTORS

Hepatocyte growth factor using a plasmid vector and given as an 
IM injection increased Tcpo2 but did not improve pain, heal ulcers, 
or decrease amputations in a placebo-controlled trial of patients 
with critical limb ischemia.189

Hypoxia-inducible factor-1α is an inducible transcriptional reg-
ulatory factor. In conditions of low oxygen tension, HIF-1α binds 
to hypoxia-responsive elements in the promoter/enhancer region 
of target genes, inducing those encoding VEGF-A, platelet-derived 
growth factor (PDGF), angiotensin-1, and inducible nitric oxide 
synthase (iNOS).190–192 In a phase 1 study, 34 patients with CLI with 
no revascularization options received an IM injection of an ade-
novirus encoding HIF-1α. The injections were well tolerated and 

 associated with complete wound healing in 5 of 18 patients in 
1 year.193 A subsequent trial randomized patients with intermit-
tent claudication to placebo or one of three doses of the adeno-
virus encoding HIF-1α and found no benefit of HIF-1α on peak 
walking time, claudication onset time, or ABI up to 1 year after 
randomization.194

Stem Cell Therapy
Infusion of endothelial progenitor cells into mice in an experi-
ment model of hindlimb ischemia has been shown to improve 
blood flow and capillary density in the ischemic hindlimb and 
reduce the rate of limb loss.195 Bone marrow mononuclear cells 
include endothelial progenitor cells. Intramuscular injection of 
autologous bone marrow–derived mononuclear cells improved 
collateral blood vessel formation in animal models of myocardial 
and hindlimb ischemia.196,197 Consequently, the effect of autolo-
gous implantation of bone marrow–derived mononuclear cells 
was studied in patients with PAD manifested as limb  ischemia.198 
Injection of bone marrow mononuclear cells, compared with 
peripheral blood mononuclear cells, reduced rest pain and 
improved pain-free walking time. The improvement was sustained 
for 24 weeks. Angiographic evidence of collateral blood vessel 
 formation was present in many of the patients who received bone 
marrow–derived mononuclear cells. Additional data supporting 
potential angiogenic benefit of IM injection or IA infusion of bone 
marrow–derived mononuclear cells or bone marrow–derived 
mesenchymal cells for patients with CLI and limited revascular-
ization options have been reported in multiple small single-center 
early phase  trials.199–204 Many of these studies reported noninvasive 
testing (e.g., ABI, TBI, plethysmography) rather than angiography to 
document evidence of angiogenesis.

Several trials are planned or are in progress. The Use of Vascular 
Repair Cells in Patients with Peripheral Arterial Disease to Treat 
Critical Limb Ischemia (RESTORE-CLI) trial has randomized 86 
patients to stem and progenitor cell therapy with lower-extremity  
(IM injection) versus a sham control procedure (injection of an 
electrolyte solution) at 18 U.S. centers.205 In a published interim 
analysis, stem cell therapy was associated with improved ampu-
tation-free survival, and the results of the completed study are 
awaited. The Rejuvenating Endothelial Progenitor Cells via 
Transcutaneous Intraarterial Supplementation (JUVENTAS) trial 
is another multicenter randomized controlled trial of stem cell 
therapy in CLI that is currently underway.206 In JUVENTAS, bone 
marrow–derived mononuclear cells (vs. placebo) will be admin-
istered to the lower extremities through IA infusion, and patients 
will be followed for the primary endpoint of lower-extremity 
amputation at 6 months.

Statins
As discussed earlier in this chapter, lipid-lowering therapy with 
statins reduces the risk of adverse cardiovascular events in patients 
with atherosclerosis, including those with PAD. Post hoc analysis 
of the 4S found that simvastatin reduced the risk of new or wors-
ening claudication.28 Several prospective studies found that statin 
therapy improved  symptoms of claudication in patients with inter-
mittent  claudication. One placebo-controlled trial found that ator-
vastatin (80 mg/day) for 12 months improved pain-free walking time 
by 63%, compared with 38% in the placebo group207 (Fig. 19-7). In 
other studies, 6 and 12 months of treatment with simvastatin (40 mg/
day) improved pain-free and maximal walking distance.208,209 The 
 efficacy of lipid  lowering therapy on walking time was not demon-
strated, however, in another trial of patients with claudication who 
were randomized to lovastatin (40 mg) plus niacin 2000 mg daily, 
 lovastatin plus niacin 1000 mg daily, or diet intervention.210 After 
28 weeks of follow-up, there was no significant difference in tread-
mill walking times among the three treatment groups.

There are several potential mechanisms whereby statin ther-
apy may improve symptoms of claudication. These include 
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reduction in plaque size, improvement in vasomotor regulation 
of blood flow (particularly in the microcirculation), promotion 
of angiogenesis, and increased skeletal muscle metabolic func-
tion. It is not likely that reduction of plaque size accounts for the 
improvement in symptoms. This is because angiographic stud-
ies have shown that treatment with statins induces only very 
mild changes in vascular lumen size, and these are unlikely to 
affect blood flow through a stenotic artery.211 In the studies that 
have examined the effect of statins on patients with claudication, 
there have been no, or only very minor, changes in the ABI.207,209 
Endothelial function, particularly in the peripheral resistance 
vessels, is impaired in patients with atherosclerosis, including 
those with PAD.212 Statin therapy has been shown to improve 
endothelial function in patients with CAD.213,214 Therefore, statin 
therapy may improve blood flow to the microcirculation and 
thereby ameliorate symptoms of claudication. Animal studies 
have found that hypercholesterolemia inhibits angiogenesis.215 
This inhibition may be reduced when cholesterol concentra-
tion is reduced by statin therapy, enabling collateral formation 
to occur. In addition, statins have been shown to increase cir-
culating endothelial progenitor cells independent of choles-
terol reduction, and thereby may have a proangiogenic effect.216 
Favorable effects on metabolic function are not likely to account 
for the observed effects on walking time. Therapy with simvas-
tatin, alone or in combination with ezetimibe, did not improve 
phosphocreatine recovery time, as assessed by phosphorus-31 
magnetic resonance spectroscopy (MRS).217

Miscellaneous Pharmacological Agents
A number of additional pharmacological agents have been stud-
ied as potential therapies for intermittent claudication in recent 
clinical trials, but unfortunately none has yielded a consistently 
positive efficacy signal. Multiple serotonin receptor antagonists 
have been studied with mixed, and largely negative, clinical results 
to date.218,219 The antichlamydial antibiotic rifalazil had no signifi-
cant effect on treadmill walking times or quality-of-life parameters 
compared to placebo.220

Nutraceuticals and Alternative Therapies
Dietary supplements with nutrients, herbs, and vitamins such as 
l-arginine, ginkgo biloba, and vitamin E, as well as ethylenediami-
netetraacetic acid (EDTA), have been studied as complementary 
therapeutic strategies to improve functional capacity in patients 
with intermittent claudication. The available evidence  supporting 

and refuting these holistic therapies is reviewed here because vas-
cular specialists are frequently queried by their patients about 
these remedies.

l-ARGININE

Endothelium-derived NO is synthesized from its precursor, l- 
arginine, by eNOS.221 Endothelium-dependent vasodilation, medi-
ated by NO, contributes to the physiological regulation of blood 
flow at rest and during exercise.222–224 Nitric oxide activates guanylyl 
cyclase on subjacent vascular smooth muscle and increases cyclic 
guanosine monophosphate (cGMP) and thereby causes vasodila-
tion. Endothelium-dependent vasodilation is abnormal in conduit 
and resistance vessels in patients with PAD.212

In one study, l-arginine administered IV at a dose of 8 g twice 
daily for 3 weeks improved pain-free walking distance by 230% 
and maximal walking distance by 155%.225 Another study exam-
ined the effect of a food bar containing l-arginine (3.3 g) and 
B-complex and antioxidant vitamins on walking distance in 
patients with intermittent claudication.226 Pain-free and maximal 
walking distance improved by 66% and 23%, respectively, following 
2 weeks of therapy in patients eating two bars per day. In a larger 
placebo-controlled trial, 80 patients with intermittent claudica-
tion were randomized to one of four daily l-arginine doses (0, 3, 6, 
or 9 g) administered in thrice-daily divided doses over a 12-week 
period.227 There was less of a beneficial trend of l-arginine ther-
apy on maximal walking distance among the patients randomized 
to the 6-g and 9-g treatment arms. The subsequent Nitric Oxide in 
Peripheral Arterial Insufficiency (NO-PAIN) randomized 133 clau-
dicants to placebo versus 3 grams daily of oral l-arginine therapy 
that was continued for 6 months.228 The findings of this trial were 
dramatic: not only was this a negative study, but randomization 
l-arginine treatment was associated with less brachial artery flow-
mediated vasodilation and less improvement in treadmill walking 
distance than in the placebo group. In light of these data, long-term 
l-arginine supplementation is not recommended for patients with 
intermittent claudication.

VITAMIN E

Vitamin E (α-tocopherol) is a lipid-soluble antioxidant that has 
undergone evaluation in patients with intermittent claudica-
tion. It inhibits oxidation of polyunsaturated fatty acid. Vitamin 
E may improve erythrocyte deformability and improve blood 
flow through the microcirculation because polyunsaturated 
fatty acids are incorporated into the erythrocyte membrane. A 
Cochrane systematic review evaluated five placebo-controlled 
trials of vitamin E in patients with intermittent claudication.229 
The trials, conducted between 1953 and 1975, were small and 
measured different outcomes, precluding any conclusions 
regarding the efficacy of vitamin E for intermittent claudica-
tion. Both the Heart Protection Study (HPS) and the HOPE study 
failed to demonstrate any efficacy of vitamin E on adverse car-
diovascular events in patients with atherosclerosis, including 
those with PAD.27,49 Therefore, vitamin E is not recommended as 
therapy for patients with PAD, including those with intermittent 
claudication.

GINKGO BILOBA

Ginkgo biloba is an herb whose major constituents include flavo-
noids and terpene lactones, such as ginkgolides and bilobalide. 
Ginkgo may have antioxidant, antiplatelet, and hemorrheological 
actions.230 It is one of the top-selling herbal medicinal products in 
the United States.

A meta-analysis of eight randomized placebo-controlled tri-
als found that in recipients of ginkgo, the pain-free claudication 
distance was 34 meters more than in patients receiving pla-
cebo.231 In the largest trial, 24 weeks of ginkgo treatment improved 
pain-free and maximal walking distance by 45 and 61 meters, 
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FIGURE 19-7 Atorvastatin improves pain-free walking time (PFWT) 
in patients with intermittent claudication. *, P = 0.025 for 80-mg dose at 
12 months. (Reproduced with permission from Mohler ER 3 rd, Hiatt WR, Creager MA: 
Cholesterol reduction with atorvastatin improves walking distance in patients with 
peripheral arterial disease. Circulation 108:1481–1486, 2003.)207
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 respectively, whereas placebo improved these by 21 and 25 
meters,  respectively.232 Doses employed in clinical trials range 
from 120 to 320 mg/day. The most common dosage is 40 mg 3 
times daily. Potential adverse effects of ginkgo include gastro-
intestinal symptoms, headache, nausea, vomiting, bleeding, or 
allergic skin reactions.230  Ginkgo biloba is also associated with 
adverse interactions with many common prescription medica-
tions. It has been associated with cerebral hemorrhage in case 
reports.233 Ginkgo biloba may be considered as an alternative 
therapy for treatment of claudication, but its efficacy is probably 
of marginal clinical importance.

DISODIUM ETHYLENEDIAMINETETRAACETIC  
ACID (EDTA)

EDTA combines with polyvalent cations, including calcium ions, to 
form a soluble nonionic complex that can be excreted. It requires 
IV administration and is usually administered two or more times a 
week. The rationale for using EDTA in patients with atherosclero-
sis, including those with PAD, is to leech calcium out of atheroscle-
rotic plaque, induce plaque regression, and reduce the severity of 
stenosis. Also, EDTA may decrease metal ion- dependent forma-
tion of reactive oxygen species (ROS) and metal ion-dependent 
lipid peroxidation.234 There is limited biological evidence to sup-
port its efficacy in atherosclerosis.235

The Program to Assess Alternative Treatment Strategies to Achieve 
Health (PATCH) assessed the effect of EDTA on endothelium- 
dependent vasodilation in patients with CAD. Up to 33 treatments 
of IV EDTA over a 6-month period caused no changes in periph-
eral endothelial function.236 One clinical trial found no effect of 
EDTA on the severity of atherosclerosis in patients with PAD.237 Two 
systematic reviews evaluated four placebo-controlled trials that 
assessed the efficacy of EDTA in patients with intermittent claudi-
cation.238,239 These reviews found no evidence that EDTA improves 
pain-free or maximal walking distance in patients with intermittent 
claudication.

Potential serious adverse effects of EDTA include hypocalce-
mia, renal insufficiency, and proteinuria. Additional side effects 
include gastrointestinal and musculoskeletal symptoms, hyper-
tension, tachycardia, and fever. Based on lack of efficacy as well 
as safety concerns, EDTA should not be used to treat patients with 
intermittent claudication.

Conclusions
Patients with PAD are at increased risk for adverse cardiovascu-
lar events such as MI, stroke, and death and have impaired func-
tional capacity and qualify of life. In severe circumstances, limb 
viability is threatened. Comprehensive care of the PAD patient must 
address all aspects of care: prevention of cardiovascular events, 
foot care, and therapies to improve leg symptoms. Risk factor mod-
ification and antiplatelet therapy are critical components of the 
management of all patients with PAD. Supervised exercise rehabili-
tation and the PDE inhibitor cilostazol improve walking distance 
in patients with claudication. Unfortunately, the pharmacological 
armamentarium for treatment of claudication is limited. Available 
medical therapies are not effective in preserving limb viability for 
patients with critical limb ischemia, so these patients should be 
considered for revascularization, as reviewed in the next two chap-
ters. Promising new therapies for claudication and critical limb 
ischemia, particularly stem cell therapy, are undergoing extensive 
clinical investigation.
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The concept of nonsurgical catheter-based peripheral vascular 
revascularization was first described by Charles Dotter1 and further 
advanced with the development of balloon dilation  catheters by 
Andreas Gruentzig.2 Catheter-based revascularization has largely 
replaced conventional open surgery as the treatment of first 
choice in selected patients treated for lower-extremity ischemia.3

No single specialty program (cardiology, radiology, or surgery) 
offered training that satisfied the entire skill set needed to perform 
peripheral endovascular intervention (Table 20-1). Recognition of 
this unmet need for a trained cadre of clinicians to care for patients 
with peripheral artery disease (PAD) prompted the development 
of a core cardiology training symposium (COCATS-11) to codify 
the necessary cardiology fellowship training.4

Patient and Lesion Selection Criteria
Indications
ANATOMICAL AND FUNCTIONAL CRITERIA

Patient selection for catheter-based vascular intervention depends 
upon both anatomical and functional criteria (Table 20-2). 
Anatomical lesion criteria include ability to gain vascular access, 
a reasonable likelihood of crossing the lesion with a guidewire, 
and the expectation that a therapeutic catheter can be advanced 
across the target lesion (Fig. 20-1). A strategy of “provisional” (bail-
out) stenting, or use of a stent for a failed balloon dilation attempt 
(in contrast to “primary” stenting, in which stents are placed 
with or without balloon predilation), has become the standard 
of practice for shorter, more discrete lesions. Longer lesions and 
 occlusions are better treated with primary stent placement.3,5–8

Availability of endovascular stents (balloon expandable and self-
expanding) has significantly extended the anatomical subset of 
patients who may be considered candidates for peripheral vascular 
intervention, particularly for longer stenotic lesions and occlusions. 
The rate-limiting step for nonsurgical revascularization of the aor-
toiliac vessels is the ability to pass a guidewire across the lesion. 
Regardless of the balloon dilation result, the option of stent place-
ment offers a reliable and reproducible method to recanalize these 
large vessels.9

Vascular access site complications following catheter-based 
procedures often can be treated with percutaneous therapy10 
(Fig. 20-2). Patients with hypotension and a high suspicion of 
 bleeding after common femoral artery (CFA) access require 
urgent  diagnostic  angiography from the contralateral femoral 
artery to determine the bleeding site. Rapid identification of the 
bleeding site may provide an opportunity for lifesaving hemosta-
sis with balloon tamponade.

Functional criteria to select patients for peripheral endovascu-
lar revascularization typically include lifestyle- or vocational-limiting  
symptoms of claudication, critical limb ischemia (CLI; rest 
pain, nonhealing ulcers, or gangrene), or acute limb ischemia. 
Asymptomatic patients with anatomically suitable iliac artery 
lesions may be considered candidates for peripheral vascular 
intervention to facilitate vascular access, such as for intraaortic 
counterpulsation balloon placement or for vascular access to 
 perform coronary intervention.

Patients with lifestyle-limiting symptoms of classical 
 claudication or atypical claudication should first have an 
attempt at pharmacological therapy with cilostazol and super-
vised exercise training before endovascular intervention is 
attempted. If  exercise training and pharmacotherapy are not 

effective, if patients are intolerant of cilostazol or cannot be 
treated with the drug because of heart failure (black box warn-
ing), or if a supervised exercise  program is unavailable, an 
attempt at endovascular intervention is  appropriate. In general, 
patients with claudication progress to limb loss at a rate of well 
under 5% per year, so endovascular revascularization is reserved 
for those patients with favorable anatomy who either fail con-
servative therapy and have lifestyle-limiting symptoms or have 
vocational-limiting symptoms. Therapeutic goals for claudicants 
are symptom relief, increased walking distance, and improved 
functionality and quality of life. For this reason, durability of the 
procedure becomes important; recurrent ischemic  symptoms 
require repeated procedures.

Patients with CLI or limb-threatening ischemia (gangrene, non-
healing ulcer, or rest pain) are candidates for urgent  revascularization. 
When considering a patient with CLI for  revascularization, it is 
 important to remember that multilevel  disease (iliac, femoral, and 
tibial) is likely to be present and that simply improving “inflow” 
without addressing the more distal vascular lesions or runoff 
 vessels may fail to solve the clinical problem. Patients with CLI (rest 
pain, nonhealing ulcers, or gangrene) typically have more exten-
sive disease than claudicants and require urgent revascularization 
to prevent tissue loss3,11 (see Table 20-2).

Prognosis for patients presenting with CLI is poor.12 Those 
with tobacco abuse and/or diabetes are 10 times more likely 
to require amputation. Patients with CLI tend to be older, with 
almost 50% of patients older than 80 years undergoing ampu-
tations. Within 3 months of presentation, 12% will require an 
 amputation, and 9% will die; 1-year mortality rate is 22%. Anatomy 
suitable for endovascular therapy is often present in one or more 
below-knee vessels. Therapy should be designed to restore pul-
satile straight-line flow to the distal part of the limb, with as low 
a procedural morbidity as possible. The guiding principle is that 
less blood flow is required to maintain tissue integrity than to 
heal a wound, so restenosis does not usually result in recurrent 
CLI unless there has been repeated injury to the limb. Therefore, 
the emphasis is less on long-term  vessel patency and more on 
 amputation-free survival.

The Bypass versus Angioplasty in Severe Ischaemia of the 
Leg (BASIL) trial was a multicenter randomized trial comparing 
an  initial strategy of balloon angioplasty to open surgery in 452 
patients with CLI.13 The primary outcome was time to amputa-
tion or death (amputation-free survival). After 6 months, the two 
treatment strategies did not differ significantly in amputation-free 
 survival. There was no difference between the groups for quality-
of-life outcomes, but for the first year of follow-up, costs  associated 
with a surgery-first strategy were higher than for angioplasty. For this 
 reason, the authors concluded that a percutaneous-first  strategy 
was the  treatment of choice in patients who are candidates for 
either surgery or endovascular intervention.

Contraindications
Relative contraindications to catheter-based peripheral vascular 
intervention include (1) lesions likely to generate atheroemboli 
and (2) lesions that are not dilatable. Other relative contrain-
dications include any other instances in which risks of the pro-
cedure seem to outweigh potential benefits. For example, the 
risk of  contrast-induced nephropathy in a patient with severe 
renal  impairment must be weighed against expected functional 
improvement.
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Technical and Procedural Considerations
Preprocedure
GENERAL MEASURES

Prior to performing peripheral endovascular intervention, the 
patient should have a complete cardiovascular evaluation, with 
specific attention directed to the status of atherosclerotic risk 
 factors. Atherosclerosis is a systemic disease, and appropriate risk-
factor modification (tobacco-cessation counseling, treatment of 
lipids to target values), screening tests for cardiovascular diseases, 
and optimization of medical therapy should be performed.

Prior to performing lower-extremity endovascular inter-
vention, it is necessary to objectively determine the patient's 
functional status. A history, physical examination, and appro-
priate noninvasive testing should be obtained prior to plan-
ning peripheral endovascular revascularization. If the patient 
is ambulatory, a rest and exercise ankle-brachial index (ABI) 
should be measured, and pulse volume recordings (PVR) 
should be performed. Other noninvasive modalities, such as 
vascular ultrasound, or alternative imaging modalities, such 
as magnetic resonance angiography (MRA) or computed 
tomographic angiography (CTA), may be helpful to resolve 
conflicting data and are used at the discretion of the physi-
cian (Fig. 20-3). When planning lower-extremity revascular-
ization, status of the inflow and outflow vessels relative to 
the target lesion must be visualized angiographically. This 
is usually done with  invasive diagnostic angiography, but in 
selected patients, MRA or CTA may be very useful.

PREMEDICATION

The only premedication requirement for peripheral endovascu-
lar intervention is aspirin therapy (81-325 mg daily). Use of other 
antiplatelet agents is optional, since there is no evidence that their 
use improves procedural success or decreases complications. If 
the patient is intolerant to aspirin, a thienopyridine drug would be 
appropriate. There is no evidence supporting use of dual antiplate-
let therapy after peripheral endovascular intervention or following 
peripheral vascular stent placement.

A B
FIGURE 20-1 A, Tight stenosis of 
infrarenal aorta amenable to angioplasty. 
B, Final postangioplasty result.

SKILL ELEMENT DESCRIPTION

Cognitive Extensive knowledge of vascular disease,  including 
natural history, pathophysiology, diagnostic 
 methods, and treatment alternatives

Technical Competence in both diagnostic angiography 
and interventional techniques, such as use and 
 selection of balloons, guidewires, stents, and 
emboli protection devices

Clinical Ability to manage inpatients, interpret laboratory 
tests, obtain informed consent, assess risk/benefit 
ratio, and admitting privileges

TABLE 20-1  Required Skill Elements for Optimal 
Peripheral Vascular Intervention

Fontaine Rutherford

STAGE CLINICAL GRADE CATEGORY CLINICAL

I Asymptomatic 0 0 Asymptomatic

IIa Mild claudication I 1 Mild claudication

IIb Moderate to severe claudication I
I

2
3

Moderate claudication
Severe claudication

III Rest pain II 4 Rest pain

IV Ulceration or gangrene III
IV

5
6

Minor tissue loss
Ulceration or gangrene

TABLE 20-2 Classification of Peripheral Arterial Disease: Fontaine's Stages and Rutherford's Categories

From Norgren L, Hiatt WR, Dormandy JA, et al: Inter-Society Consensus for the management of peripheral arterial disease (TASC II). J Vasc Surg 45 Suppl S:S5–S67, 200711.
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Procedure
ANTICOAGULATION

There is no standard for anticoagulation therapy, except to state 
that intravenous unfractionated heparin (UFH), in a dose up to 
5000 International Units, is commonly used to achieve an acti-
vated clotting time (ACT) of 250 to 300 seconds. At present, there 
is no  evidence that use of glycoprotein (GP)-IIb/IIIa platelet 

 receptor antagonists, low-molecular-weight heparins, or antithrom-
bins improve procedural efficacy or safety for peripheral vascular 
intervention.

VASCULAR ACCESS

The first step to ensure a successful procedure is to plan 
 appropriate vascular access. The majority of peripheral endo-
vascular intervention can be performed from multiple arterial 
access sites (i.e., radial, brachial, femoral, or popliteal arteries). 
However, cases occasionally require a specific access to achieve 
a  successful result. Consequently, familiarity with a  variety of 
 vascular access sites and techniques is one of the most important 
components of the basic skill set. Ability to gain both  retrograde 
and antegrade common femoral access is a required skill for 
the interventionalist. An infrapopliteal target lesion may be best 
approached with antegrade femoral access, whereas a proxi-
mal superficial femoral artery lesion may require a contralateral 
retrograde femoral approach. Occasionally, bilateral  retrograde 
femoral artery access is  desirable—for example, when treating a 
common iliac  bifurcation lesion.

Equipment Choices
GUIDEWIRES

Trade-offs include smaller catheters with crossing lower 
 profiles, smaller sheath sizes, and increased flexibility for the 
smallest 0.014-inch systems, which must be balanced against 
the increased support and pushability of the larger-profile 
0.035-inch systems. It is most common that 0.014-inch sys-
tems are used for below-knee intervention where the vessels 
are smaller, compared to the usual 0.035-inch systems used 
for the larger balloons and stents placed in the iliac  vessels. 
It is  recommended that the interventional laboratory be 
stocked with several redundant lines of equipment to allow 
for  flexibility in the approach to difficult or complex lesions. In 
general, the lowest profile system within the smallest vascular 
access sheath should be used.

Use of coated “glidewires” should be carefully restricted to 
instances when their unique properties are necessary because 
these wires are more difficult to control than conventional guide-
wires and are prone to vascular perforation. Their lack of a “tran-
sition point” makes them ideal for negotiating abrupt angles and 

A B C

FIGURE 20-2 Access site complication with bleeding (A) successfully tamponaded with balloon inflation (B), and final angiogram showing 
hemostasis.

FIGURE 20-3 Computed tomographic angiogram (CTA) of lower-
extremity vasculature. There is occlusion of arterial segments of the right 
femoral, popliteal, and tibial segments.



262

CH 
20

crossing occlusions. Ideally, once they have crossed the occlusion, 
it is wise to exchange this potentially dangerous wire for a safer 
and more controllable wire.

BALLOON CATHETERS

A wide variety of monorail and over-the-wire balloon catheters are 
available that are suitable for dilating lower-extremity lesions. They 
come in a variety of diameters, with balloon lengths up to 15 cm. 
A pressure manometer is recommended to monitor balloon infla-
tion pressure. Although no optimal inflation pressure or duration 
has been determined, it is generally recommended that the bal-
loon be inflated with adequate pressure to ensure full expansion 
of the lesion.

STENTS

The two categories of stents are balloon expandable and self-
expanding. Both types may be covered with material. Balloon 
expandable stents are intended for use within the axial skeleton 
to protect them from external compression. This generally limits 
their use to the iliac arteries, but coronary balloon expandable 
stents are used to salvage failed angioplasty results in below-knee 
vessels.14,15

Balloon expandable stents can be deployed with more preci-
sion than self-expanding stents, although there is some shortening 
associated with their expansion. Self-expanding stents resist per-
manent deformation and are elastic. Their flexible nature allows 
them to delivered in longer lengths, and they will fit themselves to 
a tapering artery. Self-expanding stents may be made of nitinol or 
a stainless steel alloy. At this time, there is no evidence that either 
material is associated with any safety or efficacy advantage.16,17

ADJUNCTIVE DEVICES

Other adjunctive devices, such as laser catheters, atherectomy 
catheters (rotational and directional), brachytherapy catheters, 
cryotherapy balloons, and cutting balloons have been developed, 
tested, and aggressively marketed. With the possible exception 

of the brachytherapy devices, there is no comparative evidence 
that these adjunctive devices bring any added value, efficacy, or 
increased safety over balloons and stents when treating lower 
extremities.

Clinical Outcomes
Aortoiliac Vessels
The current best practice, in experienced hands, for aorto-iliac 
lesions favors an endovascular strategy (Fig. 20-4). This recommen-
dation is based upon the morbidity and mortality associated with 
major vascular surgery in patients with significant comorbidity, 
and the excellent outcomes available with current endovascular 
techniques. In a large single-center  registry of 505 iliac stent pro-
cedures, the technical success rate was 98%, 8-year primary stent 
patency rate was 74%, and secondary patency rate was 84%.18 In a 
10-year iliac stent patency study, there was no effect of age, diabe-
tes, tobacco smoking, or hypertension on patency.19 Common iliac 
artery (CIA) lesions had greater long-term patency than external 
iliac artery (EIA) lesions. Outcomes from another series of 89 con-
secutive patients with symptomatic occluded iliac arteries demon-
strated a 92% success rate for endovascular treatment.20 Increasing 
severity and complexity of lesions did not significantly alter iliac 
artery patency rates.

An observational study compared nonrandomized results of 
iliac artery stenting with surgery in patients with moderately com-
plex lesions.21 There was no difference regarding limb salvage or 
patient survival out to 5 years, but vessel patency was reduced in 
limbs treated with stents compared to surgery. A nonrandomized 
retrospective comparison of endovascular intervention compared 
to open surgery for complex aortoiliac occlusive lesions found a 
shorter hospital stay, fewer postprocedural complications, and lower 
primary patency rates but equivalent secondary patency rates for 
the endovascular arm.22

There is debate regarding the most efficacious method of endo-
vascular therapy between “provisional stent placement,” which is 
selective use of stents only when balloon dilation has failed or is 

Aorta

Common
iliac

FIGURE 20-4 Left, Baseline angiogram of right common iliac stenosis. Right, Angiogram after angioplasty and self-expanding stent (arrows).
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suboptimal, and “primary stent placement,” which is the practice 
of deploying a stent regardless of the balloon result. The Dutch 
Iliac Stent Trial demonstrated that selective iliac artery stenting 
achieved an equivalent hemodynamic result compared to primary 
stenting. Translesional pressure gradients after primary stent place-
ment (5.8 ± 4.7 mmHg) were significantly lower than after balloon 
angioplasty alone (8.9 ± 6.8 mmHg), but not after provisional stent-
ing (5.9 ± 3.6 mmHg) in the percutaneous transluminal angioplasty 
(PTA) group.23 The procedural success rate, defined as a postproce-
dural gradient less than 10 mmHg, revealed no difference between 
the two treatment strategies, (primary stenting = 81% vs. PTA plus 
provisional stenting = 89%). By employing a provisional stenting 
strategy in the iliac artery, stent placement was avoided in 63% 
of lesions. After 5 years of follow-up, the selective stent placement 
strategy had greater symptomatic improvement compared with 
primary stent placement, but there was no difference in patency 
rates, ABI, and quality of life between groups.24,25

Preferred clinical practice, however, is primary stent placement, 
and this is supported by a meta-analysis which looked at more 
than 2000 patients.26 Procedural success was higher in the primary 
stent group, and there was a 43% reduction in 4-year failures for 
aortoiliac stent placement compared to balloon angioplasty alone. 
Advantages of primary stent placement include efficient and 
 reliable vascular reconstruction, minimizing concern over abrupt 
occlusion. Direct stenting minimizes the technical challenges 
of determining translesional pressure gradients and the need to 
administer vasodilator medications. The current American College 
of Cardiology/American Heart Association (ACC/AHA) guideline 
document supports primary stenting of the common and EIAs with 
a class I recommendation (Level of Evidence B).3

Femoral-Popliteal Vessels
ANGIOPLASTY AND STENT PLACEMENT

Comparative outcomes data in femoral-popliteal artery disease are 
available for medical therapy, PTA, stent placement, brachytherapy, 
and laser angioplasty. Self-expanding stents are preferred in this 
location because of the risk of stent compression from external 
trauma. Notably absent despite their prominent position in the 
marketplace are comparative data for debulking atherectomy, cut-
ting balloons, or cryoplasty.

A meta-analysis comparing angioplasty to exercise therapy in 
patients with intermittent claudication reported that ABI improved 
more with endovascular therapy than with exercise, but quality-of-
life outcomes at 3 and 6 months were similar.27 A cost-effectiveness 
study suggested that cost-effectiveness for quality-adjusted life-year 
was greater with percutaneous therapy than exercise alone.28

A matched cohort study of 526 patients with intermittent claudi-
cation found significant advantages for a revascularization strategy 
(surgery or PTA) compared to medical therapy.29 Revascularization 
was more effective than medical therapy for improvement in physi-
cal function, bodily pain, and walking distance. Patients with the 
greatest improvement in their ABI results had the most clinical 
improvement.

A recently published trial from the United Kingdom random-
ized 178 patients with claudication into three groups: supervised 
exercise, balloon angioplasty, and both if they had suitable lesions 
for angioplasty of the femoral-popliteal arteries.30 The study dem-
onstrated that combining supervised exercise with angioplasty 
 produced superior clinical outcomes, but that there was no sig-
nificant difference among the three groups for quality-of-life out-
comes. Two main limitations of this trial were use of balloon-only 
treatment and the fact that the exercise time was capped at 207 
meters, which may have underestimated the degree of improve-
ment from revascularization (Fig. 20-5).

Clinical success in patients with femoral artery lesions depends 
upon a durable long-lasting procedure. A meta-analysis demon-
strated superior patency at 3 years for stents compared to PTA in 
the most severely affected patients, who were those with occlu-
sions and CLI.31 There have been three randomized controlled 

trials comparing primary stenting to balloon angioplasty with 
 bailout stenting (provisional stenting).6–8 Lesion length and com-
plexity accounted for restenosis rates for balloon angioplasty, but 
not for stent placement (Fig. 20-6). Synthesizing these results, the 
data suggest that longer femoral-popliteal lesions (≥7 cm) are bet-
ter approached with a strategy of primary stenting, whereas more 
discrete lesions (<4 cm) do well with a provisional stenting strat-
egy in which balloon angioplasty is given an opportunity to stand 
alone (Table 20-3).

Stent fractures have been associated with restenosis of femoral 
artery lesions.32 There are differences regarding stent fracture among 
femoral artery stents, presumably related to their composition and 
architecture. Fracture rates are 28% for the SMART stent (Cordis, Miami 
Lakes, Fla.), 19% for the Wallstent (Boston Scientific, Natick, Mass.),  
and 2% for the Dynalink/Absolute (Abbott Vascular, Santa Clara, Calif.).33

COVERED STENTS

Covered stents are used effectively to treat vascular perforations 
and exclude aneurysms in the peripheral vascular circulation. 
The Viabahn stent graft (W.L. Gore, Flagstaff, Ariz.) has a 1-year 
femoral artery patency rate of 62%. In one study, patients random-
ized to the Viabahn stent graft had about twice as many major 
adverse events (8.2%) as patients randomized to PTA (4.0%). The 
theoretical benefit for the Viabahn stent graft is that ingrowth of 
tissue between the stent struts, which plagues femoral stents, is 
 prevented. However, edge restenosis may not be avoided, and con-
cerns about stent thrombosis must be addressed. In one study of 
60 limbs treated with a covered stent, two patients had major pro-
cedural  complications requiring surgical correction. Thrombotic 
occlusion of the covered stent occurred in 10% of patients within 
30 days, and the 1-year  primary patency rate was 67%.34 Late occlu-
sion was presumed to represent edge restenosis and thrombosis. 
In another study, 86 patients were randomized to bypass surgery 
or  endovascular therapy with a covered stent graft. No significant 
 difference was observed for primary or secondary patency, but 
there was a trend favoring surgery for more complex lesions.35,36

DRUG-ELUTING BALLOONS AND STENTS

A clinical trial of a small number of patients randomized to either 
a bare metal self-expanding stent or a drug-eluting (sirolimus) self-
expanding stent (Smart, Cordis, Miami Lakes, Fla.) found no differ-
ence in severity of restenosis.17,37 A recently completed Cook Zilver 
PTX trial randomized 420 patients has not reported results;  however, 
the registry data have shown some promise.38 There have been 
two small randomized trials of drug-coated (paclitaxel)  balloons 
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FIGURE 20-5 Graphic showing percent improvement in quality of life 
(QOL) for three randomized groups of claudicators: supervised exercise 
program (SEP), percutaneous transluminal angioplasty (PTA), and both. 
(From Mazari FA, Gulati S, Rahman MN, et al: Early outcomes from a randomized, 
controlled trial of supervised exercise, angioplasty, and combined therapy in 
intermittent claudication. Ann Vasc Surg 24:69–79, 2010.)30
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for femoral disease that have shown positive results.39,40 These tri-
als found that lumen loss, restenosis, and target lesion revascular-
ization were less after treatment with coated balloons than with 
uncoated balloons (Fig. 20-7). Reasons for failure of drug-eluting 
stents (DES) and early success for balloons in the femoral artery 
may be related to stent fracture and the ongoing irritant related to 
the metal stent against the vessel wall.41

BRACHYTHERAPY

Adjunctive endovascular brachytherapy (EBT) with an iridium-192 
source, with a prescribed dose of 12 to 14 Gy, compared to PTA 
alone for treatment of de novo long-segment stenoses of the femo-
ral artery has a delaying effect on the occurrence of restenosis.42,43 
In one study, there appeared to be an early restenosis benefit for the 
EBT plus PTA group; however, at 5-year follow-up, there was “catch-
up,” and the recurrence rate was equal (72.5%) in both groups.43 
Brachytherapy has greater efficacy in restenotic lesions compared 

with de novo lesions.44,45 A novel approach has been to deliver exter-
nal beam irradiation to de novo femoral artery lesions after PTA. At 
the 1-year follow-up of one trial, there was a significant benefit for 
patients treated with 14 Gy in a single treatment session, compared 
with a control group and a group who received lower Gy doses.46

ATHERECTOMY

There had been expectation that by “debulking” atheroscle-
rotic plaque, primary patency of femoral artery interventions 

A B C

FIGURE 20-6 A, Baseline angiogram of distal superficial femoral artery (SFA) stenosis. B, Post-stent placement (between arrows). C, Six-month follow-up with patent 
SFA stent segment.
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FIGURE 20-7 Comparison of drug-coated balloon studies showing 
6- and 24-month target lesion revascularization rates for drug-coated 
balloons (FEMPAC + and THUN+) versus control balloons (FEMPAC − and 
THUN−). TLR, target lesion revascularization. (From Tepe G, Zeller T, Albrecht T, et al: 
Local delivery of paclitaxel to inhibit restenosis during angioplasty of the leg. N Engl 
J Med 358:689–699, 2008; and Werk M, Langner S, Reinkensmeier B, et al: Inhibition 
of restenosis in femoropopliteal arteries: paclitaxel-coated versus uncoated balloon: 
Femoral Paclitaxel Randomized Pilot Trial. Circulation 118:1358–1365, 2008.)39,40

 SCHILLINGER KRANKENBERG

Stent Guidant Bard

Lesion length 101 mm 45 mm

Stent restenosis 36.7% 31.7%

PTA restenosis 63.5% 38.6%*

TABLE 20-3  Comparison of Primary and Provisional 
Femoral-Popliteal Stenting

PTA, percutaneous transluminal angioplasty.
From Schillinger M, Sabeti S, Loewe C, et al: Balloon angioplasty versus implantation of nitinol 
stents in the superficial femoral artery. N Engl J Med 354:1879–1888, 2006; and Krankenberg H, 
Schluter M, Steinkamp HJ, et al: Nitinol stent implantation versus percutaneous  transluminal 
angioplasty in superficial femoral artery lesions up to 10 cm in length: the Femoral Artery 
Stenting Trial (FAST). Circulation 116:285–292, 2007.5,6

*P = 0.004
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could be improved.47 Yet, successive generations of atherectomy 
 catheters have failed to demonstrate any benefit over less-expensive 
 conventional therapies.48,49 Comparative studies are lacking, and the 
data supporting the use of devices are derived from self-reported 
registries and subject to bias. Also, there are safety concerns regard-
ing the incidence of distal embolization and perforation.50–52

LASER-ASSISTED ANGIOPLASTY

Laser-assisted angioplasty does not appear to add any benefit to 
conventional endovascular therapy for peripheral arterial recan-
alization.53,54 The Peripheral Excimer Laser Angioplasty (PELA) 
trial randomized 251 patients to either PTA or laser-assisted PTA 
in patients with claudication and a total femoral occlusion. There 
was no difference in clinical events or patency rates at 1 year of 
follow-up.

CUTTING BALLOON

The cutting balloon is used in coronary arteries for “undilatable” 
lesions. There is limited evidence that would support extending 
the indications for this device beyond peripheral arteries,55 and 
there is no evidence that a cutting balloon is an efficacious treat-
ment for in-stent restenosis.

CRYOPLASTY

Clinical trials have failed to demonstrate any advantage for cryo-
plasty over conventional angioplasty in peripheral arterial inter-
vention.56 In a diabetic population with femoral-popliteal artery 
lesions, cryoplasty was associated with lower primary patency 
rates and more clinically driven repeat procedures after long-term 
 follow-up than conventional balloon angioplasty.57

Infrapopliteal Intervention
TIBIOPERONEAL ANGIOPLASTY

Below-knee angioplasty has generally been reserved for treat-
ment of CLI and threatened limbs because of the technical diffi-
culty of using conventional peripheral angioplasty equipment 
in these vessels and the fear of limb loss should a complication 
occur (Fig. 20-8). Experience with PTA demonstrated the feasibility 
of a percutaneous approach with procedural success rates better 
than 80% for tibioperoneal angioplasty.58,59 Replacement of  bulkier 

0.035-inch equipment with the 0.014-inch devices used in coro-
nary angioplasty improved results of below-knee intervention. In 
111 patients treated with tibioperoneal angioplasty for treatment of 
claudication, tissue loss, or rest pain, Dorros et al.60 reported a pri-
mary success rate of 90% for all lesions, including a 99% success 
rate for stenoses and a 65% success rate for occlusions. At the time of 
hospital discharge, 95% of patients were symptomatically improved.

Two clinical trials have demonstrated the efficacy and attractive-
ness of an initial percutaneous approach to selected patients with 
CLI and below-knee vascular disease.58,61 The limb salvage rate in 
these patients treated with PTA ranged from 85% to 91% after 2 to 
5 years. This evidence supports the contention that angioplasty of 
the tibioperoneal vessels should not necessarily be reserved for 
limb salvage situations. However, caution is still advised in patient 
selection, since the surgical options are limited if angioplasty fails.

Optimal treatment of infrapopliteal disease requires appropriate 
patient and lesion selection for treatment. Focal stenoses have the 
best outcomes, and vessels with fewer than five separate lesions are 
associated with a higher success rate. Anatomically, the goal is to open 
as many tibial artery stenoses as possible to increase the degree of 
revascularization and improve clinical outcomes.62 Treatment suc-
cess is measured by relief of rest pain, healing of ulcers, and avoiding 
amputation, not necessarily by long-term vessel patency. When trying 
to heal ischemic ulcers, the basic principle is that it takes more oxy-
genated blood flow to heal a wound than to maintain tissue integ-
rity.58 Percutaneous therapy can result in long-term limb salvage in 
more than 80% of patients and should be considered the current 
standard of treatment in patients with limb-threatening ischemia 
who are candidates for endovascular intervention.

TIBIOPERONEAL STENTS

The role of provisional versus primary stent placement in tibial 
arteries is unsettled.63 A recent small randomized trial of PTA com-
pared to PTA with a bare metal stent (BMS) demonstrated no sig-
nificant differences for 1-year outcomes, including patency rates, 
limb salvage, or survival64 (Fig. 20-9). Preliminary results of the use of 
balloon expandable coronary DES in tibial vessels have been rep-
orted.14,15,65,66 Smaller series have shown excellent patency when 
comparing below-knee BMS to DES.67,68 The largest  published 
series is a nonrandomized report of 106 patients (118 limbs) 
with CLI treated with below-knee DES.15 The 3-year  cumulative 
 incidence of amputation was only 6%, and  amputation-free sur-
vival was 68%.

PT

Peroneal

AT

TP

Popliteal

PTA

FIGURE 20-8 Left, Baseline angio-
gram of severe stenosis (70%) of 
tibioperoneal (TP) artery. Middle, Balloon 
angioplasty of TP trunk. Right, Final 
angiogram with less than 30% stenosis. 
AT, anterior tibial artery; PT, posterior 
tibial artery; PTA, percutaneous translu-
minal angioplasty.
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ANGIOGENESIS

Not infrequently, the severity of infrapopliteal disease abolishes 
most if not all of the named vasculature, and percutaneous 
mechanical revascularization is not possible. Therapeutic angio-
genesis using growth factors as agents (e.g., vascular endothelial 
growth factor [VEGF], fibroblast growth factor [FGF]), genes, and 
cellular therapies have been proposed as a means of maintaining 
limb viability.69–71 At present, there have been no clinical break-
throughs, but much ongoing basic science activity appears to be 
promising.72

Conclusions
Percutaneous revascularization therapies are rapidly replacing 
open surgery as the treatment of choice for lower-extremity PAD. 
Stents appear to improve outcomes for iliac and femoral-popliteal 
artery lesions. Their role in infrainguinal revascularization, how-
ever, is not established so their use should be limited to bailout 
situations after failed or failing angioplasty. Adjunctive high-cost 
niche devices, such as atherectomy, lasers, cryotherapy, and cutting 
balloons, have a very limited role if any in the treatment of lower-
extremity ischemic lesions.

Successful development of antirestenosis therapies, including 
DES and drug-coated balloons for peripheral arteries, will launch 
a new era of percutaneous revascularization, with efficacy and 
durability similar to that seen for coronary DES. The primacy of 
endovascular therapy for treatment of PAD will be established 
if antirestenosis therapies prove as effective in preserving late 
patency as they have in coronary arteries.
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The clinical manifestations and complications of atherosclero-
sis are the most common therapeutic challenge encountered by 
vascular surgeons. The tendency for lesions to develop at specific 
anatomical sites and follow recognizable patterns of progression 
was appreciated as long ago as the late 1700 s by the extraordi-
nary British anatomist and surgeon John Hunter. Considered one 
of the forefathers of vascular surgery, his dissections of atheroscle-
rotic aortic bifurcations remain on view at the Hunterian museum 
in London and presage the disease process Leriche would give a 
name to 150 years later.1

The modern era of surgical reconstruction for complex 
 atherosclerotic occlusive disease began in earnest in 1947 when 
the Portuguese surgeon J. Cid dos Santos successfully endarterecto-
mized a heavily diseased common femoral artery (CFA).2 Four years 
later in San Francisco, Wylie et al. extended this new technique to 
the aortoiliac level.3 At the same time, and building on the pioneering 
work of Alexis Carrel,4 Kunlin5 would report the first long- segment 
vein bypass in the lower extremity. It would be another 10 years 
before synthetic grafts were being regularly used for aortic bypass 
grafting and the first efforts to extend vein grafting to the tibial level 
were described by McCaughan.6 Tremendous advances in our under-
standing of atherosclerosis biology and ability to  percutaneously 
treat arterial occlusive disease have  dramatically affected treat-
ment algorithms for arterial  insufficiency in recent years. This chap-
ter will review the current role for surgical  management of aortoiliac 
and infrainguinal arterial occlusive disease.

Aortoiliac Occlusive Disease
Chronic obliterative atherosclerosis of the distal aorta and iliac 
arteries commonly manifests as symptomatic arterial insufficiency 
of the lower extremities. Disease in this location is seen often in 
combination with occlusive disease of the femoropopliteal arter-
ies, producing a range of symptoms from mild claudication to 
more severe levels of tissue loss and critical ischemia. Patients 
with hemodynamic impairment limited to the aortoiliac system 
may have intermittent claudication of the calf muscles alone or 
involvement of the thigh, hip, and/or buttocks. If disease distribu-
tion also targets the hypogastric vessels, patients may additionally 
suffer from difficulty in achieving and maintaining an erection 
due to inadequate perfusion of the internal pudendal arteries. The 
equivalent impact of impaired pelvic perfusion in women remains 
poorly understood but has attracted investigative attention.7 A well- 
characterized constellation of symptoms and signs known as 
Leriche's syndrome, associated with aortoiliac occlusive disease in 
men, includes thigh, hip, or buttock claudication, leg muscle atro-
phy, impotence, and reduced femoral pulses.8

Although atherosclerotic disease limited to the aortoiliac region 
commonly gives rise to claudication of varying degrees, it is rarely 
associated with lower-extremity ischemic rest pain or ischemic 
tissue loss. This is largely the result of adequate collateralization 
around the point of obstruction via lumbar, sacral, and circumflex 
iliac vessels that serves to reconstitute the infrainguinal  system 
with enough well-perfused arterial blood to ensure sufficient 
 resting tissue perfusion (Fig. 21-1). A well-recognized  exception to 
this general observation arises in the situation of embolic disease. 
Blue toe syndrome represents a situation where atherosclerotic 
debris breaks free from an aortic or iliac plaque and embolizes to 
distal vessels.9,10 Wire manipulation during coronary or  peripheral 
angiographic procedures and cross-clamping across a calcific aor-
tic plaque during cardiac surgery are common sources of such 

emboli. The terminal target of the microembolic particles, be 
they cholesterol crystals, calcified plaque, thrombus, or platelet 
 aggregates, is typically the small vessels of the toes.

If aortoiliac occlusive disease is found in combination with fem-
oropopliteal occlusive disease, ischemic rest pain or even more 
severe perfusion impairment leading to ischemic tissue loss or 
gangrene is not uncommon.11 Such progressive disease affecting 
multiple levels of the peripheral vasculature tree is most frequently 
encountered in the elderly. Approximately a third of patients oper-
ated on for symptomatic aortoiliac occlusive disease have orifi-
cial profunda femoris occlusive disease, and more than 40% have 
superficial femoral artery (SFA) occlusions. Aortoiliac disease 
typically begins at the distal aorta and common iliac artery (CIA)  
origins, and slowly progresses proximally and distally over time.12 
This progression is quite variable but may ultimately extend to the 
level of the renal arteries or result in total aortic occlusion.

A particularly virulent form of atherosclerotic arterial disease 
is often found in young women smokers.13 Radiographic imaging 
in this subset of patients typically reveals atretic narrowed vascu-
lature with diffusely calcific atherosclerotic changes. Frequently, a 
focal stenosis is found posteriorly near the aortic bifurcation. This 
particular distribution of disease and the characteristic patient pro-
file have been referred to as small aorta syndrome14 (Fig. 21-2). Such 
patients invariably have an extensive smoking history, with or 
without other typical factors for atherosclerosis. Given the diminu-
tive size of the aorta and iliac vessels, the durability of endovascu-
lar intervention is generally inferior in these patients, particularly in 
the face of continued cigarette use.

The diagnosis of aortoiliac occlusive disease is generally made 
based on patient symptomatology, physical examination, and non-
invasive tests such as segmental pressure measurements and pulse 
volume recordings (PVRs) (see Chapters 11 and 12). Following 
diagnosis of aortoiliac disease and the decision to pursue inter-
vention, further imaging is warranted. In many centers, magnetic 
resonance angiography (MRA) and computed tomographic angi-
ography (CTA) have supplanted contrast angiography as the ini-
tial imaging studies of choice. Advances have solved many of the 
 technical limitations of earlier studies, and reliable roadmaps to 
guide operative planning are now reproducibly obtainable. Both 
MRA and CTA allow for a comprehensive view of the vascular tree 
with three-dimensional (3D) reconstructions (see Chapters 13 
and 14). Computed tomographic angiography has the additional 
benefit of evaluating vessel morphology beyond the flow lumen, 
and allows for appreciation of degree of vessel calcification as 
well as anatomical localization based on surrounding structures. 
Angiographic findings of CTA compare favorably to standard digi-
tal subtraction angiography (DSA).15 Should a lesion amenable to 
percutaneous therapy be identified on MRA or CTA, formal angiog-
raphy is then pursued. In cases in which a good- quality roadmap is 
obtained with MRA or CTA, and the clinical situation or anatomical 
pattern is unfavorable to a percutaneous approach, surgery can in 
most instances be planned directly, obviating the need for tradi-
tional subtraction angiography.16

In the minority of cases necessitating DSA for preoperative 
planning, a retrograde femoral approach is typically used, whereas 
the transbrachial approach serves as a useful alternative in patients 
with particularly challenging anatomy.17 Additional lateral and 
oblique views of the abdominal aorta are advised if concomitant 
mesenteric or renal occlusive disease is present, and multiple pro-
jections of the iliac and femoral bifurcations are essential in clarify-
ing the extent of disease in these regions (see Chapter 15). Finally, 
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full runoff views of the lower extremities are needed to assess 
the presence or absence of femoropopliteal or crural disease. In 
 ambiguous cases, pullback pressure measurements, both before 
and after administration of a systemic  vasodilator such as papaver-
ine or nitroglycerine, or  application of a tourniquet to induce reac-
tive hyperemia can be useful in  documenting the hemodynamic 
significance of a  particular stenotic zone.18

Management
Risk factor modification remains a cornerstone of management 
of aortoiliac occlusive disease (see Chapter 19). Smoking cessa-
tion, blood pressure control, and aggressive efforts at cholesterol 
lowering should be addressed with every patient with atheroscle-
rotic disease. Strong evidence exists supporting the benefit of a 
 structured walking program19 in increasing  walking  distance of 
patients with claudication. The benefit of walking  outside of a 
structured regimen with close follow-up is more  debatable.20 
Medical management with cilostazol has benefit in a subset of 
patients and is a reasonable first-line approach to improving 
 claudication symptoms.21

A considerable change in the management approach to 
 claudication has taken place in recent years. Patients suffering 
from disabling claudication, rest pain, or ischemia-related  tissue 
loss warrant serious consideration for arteriography and either 
percutaneous or surgical intervention. Previously, however, such 
aggressive treatment would have been considered  inappropriate 
for claudication that was not clearly disabling. As percutaneous 
treatment has become increasingly safer and more  effective, 
however, and its application spread to increasingly more  arterial 
beds,  indications for endovascular revascularization have 
 correspondingly increased (see Chapter 20). Such a sea change 
in the overall  management approach to aortoiliac disease has 
had a dramatic impact on the numbers of patients now proceed-
ing to open surgery. Just as escalating use of renal angioplasty 
and stenting for renal occlusive disease has led to a consider-
able drop in open  surgical renal artery reconstructions, the 
rising popularity and success of aortic and iliac balloon angio-
plasty and stenting as first-line therapy has noticeably reduced 
the volume of aortoiliac reconstructive procedures performed 
in this country.

When medical therapy or percutaneous treatment has proven 
to be inadequate or is technically inadvisable, open surgical revas-
cularization remains indicated for those patients with  aortoiliac 
 disease and disabling claudication, ischemic rest pain, and isch-
emic ulceration or gangrene. Patients with nighttime foot rest pain 
or tissue loss usually have multisegment disease, and the  decision 
whether to perform both supra- and infrainguinal  revascularization 
procedures or to perform only an inflow procedure is guided by 
severity of the ischemia.11,22–24 In general, patients presenting with 
significant tissue loss or gangrene are much more likely to require 
simultaneous or staged inflow and outflow procedures.

The numerous surgical options available to the trained vascular 
surgeon allow tailoring of the approach to the particular overall 
and anatomical situation of each patient. Historically, reconstruc-
tive options for aortoiliac occlusive disease include aortoiliac end-
arterectomy, aortobifemoral bypass, and so-called extra-anatomical 
revascularization in the form of iliofemoral, femorofemoral, or 
 axillofemoral grafting.

ENDARTERECTOMY

Aortic endarterectomy was commonly performed in the early era 
of aortoiliac reconstruction.25,26 Although it is particularly suited 
to localized disease limited to the distal aorta or proximal iliac 
arteries, it has proven to be less reliable for disease involving the 
entire infrarenal aorta and extending into the external iliac arter-
ies (EIAs).27,28 The obvious benefit of endarterectomy is elimina-
tion of the need for a prosthetic graft, removing the possibility 
of myriad late graft-related complications. Long-term patency of 
limited endarterectomy is excellent and on par with bypass pro-
cedures.29 However, the number of patients suitable for this recon-
structive approach is small and continues to diminish in the era 
of endoluminal  reconstruction. Experience with endarterectomy 
during one's training or early surgical career is another important 
 factor  influencing the choice of therapy offered because signifi-
cant  technical expertise is required, and many surgeons in the cur-
rent era have limited familiarity with this approach.

FIGURE 21-2 Aortoiliac occlusive disease may consist of a short-
segment stenosis localized to distal aorta, a lesion particularly common 
in young female smokers. Such a lesion may be amenable to endarterectomy.

FIGURE 21-1 Aortoiliac occlusive disease results in a variable degree 
of collateralization. Here, left hypogastric artery is reconstituted via prominent 
distal lumbar collaterals and right hypogastric artery. Hypogastric collaterals are 
in turn perfusing femoral circumflex vessels.
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AORTOBIFEMORAL BYPASS

Aortobifemoral bypass remains the mainstay of operative treat-
ment for aortoiliac occlusive disease. During the last 20 years, 
the procedure has supplanted both aortic endarterectomy and 
aortoiliac bypass procedures. In the latter case, this change was 
largely driven by recognition of subsequent graft failure due to 
 progression of native iliac arterial disease.27,30 Early experience 
with  aortobifemoral grafting in the 1970s was associated with a 5% 
to 8% 30-day operative mortality rate.28,29,31,32 Over recent decades, 
mortality rates of 1% have been reported, on par with those of 
 elective abdominal aortic aneurysm repair.33,34

Typically, half of patients proceeding to surgery for aortoiliac 
occlusive disease will have significant coronary artery disease, 
(CAD) even more will have hypertension, and almost 80% will be 
 current or earlier cigarette smokers.33 The reduced mortality and 
morbidity seen in recent years are in large part due to advances 
in management of concomitant coronary disease. Specifically, 
the importance and benefit of better preoperative identification 
of patients in need of initial coronary revascularization, aware-
ness of the benefit of waiting an interval period following coro-
nary stenting before proceeding with major noncoronary vascular 
surgery, improved  perioperative pharmacological management of 
patients with impaired myocardium, and more focused efforts to 
tailor operative and postoperative fluid administration to the indi-
vidual patient's myocardial reserve are all well recognized.35,36 
General advances in postoperative intensive care unit manage-
ment, including pulmonary care, infection control, and blood prod-
uct  utilization, have further contributed to the progress seen.

Current early patency rates for aortobifemoral bypass  grafting 
are excellent, approaching 100% in many reporting institutions. 
Five-year patency rates are greater than 80%,29,31–33,37 whereas 
10-year rates are near 75%.29 There are multiple reasons for the 
improved patency. The current graft material used by most  surgeons 
for aortoiliac reconstruction is a knitted Dacron prosthesis with 
enhanced hemostatic properties; it tends to have a more stable 
pseudointima than earlier-used woven grafts.38,39 More  attention is 
paid to avoiding graft redundancy and ensuring a good size match 
between the graft and the recipient vessels. Grafts are more rou-
tinely extended beyond the iliac level to the femoral vessels, which 
not only improves exposure and makes for a technically easier dis-
tal anastomosis but is also associated with less graft thrombosis 
from unanticipated progression of atherosclerotic disease in the 
external iliac vessels.30 With meticulous skin preparation, close 
attention to draping, careful surgical technique, and judicious 
use of a short course of intravenous antibiotic therapy, the feared 
higher rate of graft infection from placing the distal dissection 
at the groins has not materialized.40 An exception to this general 
practice is recommended in certain circumstances, however. For 
example, patients with hostile groin creases from prior surgery or 
radiation therapy, or obese diabetic patients with an intertriginous 
rash at the inguinal crease, will all likely be better served by per-
forming the distal anastomosis at the external iliac level if their 
anatomy for such is suitable.

Increased awareness of the critical role played by the deep femo-
ral artery (DFA) in preserving long-term patency of  aortobifemoral 
grafts29,32,41,42 has also undoubtedly contributed to the better results 
seen. This awareness parallels a better overall appreciation for the 
importance of establishing adequate outflow at the femoral level 
in achieving higher early and late graft patency rates and sus-
tained symptom relief. The true impact of concomitant SFA dis-
ease is unclear from the literature. Some reports have indicated 
similar patency rates between those patients with and without SFA 
occlusion,22,23 whereas others have suggested late patency rates are 
reduced in this setting.40,43 What has definitely been shown is the 
benefit of a profundaplasty in the presence of significant superfi-
cial and profunda femoral occlusive disease.44,45 Some authors have 
even recommended that a profundaplasty should be carried out in 
every case of superficial artery occlusion, even in the absence of 
orificial profunda disease, arguing that a “functional” obstruction 
on the order of 50% stenosis is present in these patients.46 Although 

this position has not been universally adopted, it is now common 
practice to extend the hood of the distal anastomosis over the ori-
gin of the profunda femoral artery to enhance the graft outflow, 
especially in situations in which the SFA is occluded or severely 
diseased. In the presence of significant common femoral or pro-
funda femoral origin plaque, an extensive endarterectomy and/or 
profundaplasty is indicated (Fig. 21-3). In these circumstances, it 
is preferable to close the endarterectomized recipient bed with a 
vein, bovine pericardial patch, or Dacron patch onto which the dis-
tal anastomosis can then be attached, rather than creating a long 
femoris patch with the graft limb.41

Several technical considerations related to aortobifemoral 
bypass grafting are the subject of considerable and passion-
ate debate. The first involves the manner of the proximal anasto-
motic creation. Advocates of an end-to-end configuration claim 
that it facilitates a more comprehensive thromboendarterectomy 
of the proximal stump and allows for a direct, more inline flow 
pattern with less turbulence and more favorable flow character-
istics.47 Obviation of competitive flow through the excluded iliac 
vessels with this approach is likely more of theoretical rather than 
real benefit. Certainly, with concomitant aneurysmal disease or 
complete aortic occlusion extending up to the level of the renal 
arteries, end-to-end grafting is indicated. Creation of an end-to-side 
anastomosis can at times be technically challenging in a heavily 
diseased aorta partially occluded by a side-biting clamp. A lower 
rate of proximal suture line pseudoaneurysms and better long-
term patency rates have been found in some series.48 Stapling or 
oversewing of the distal aorta with the end-to-end technique mini-
mizes the immediate risk of clamp-induced emboli to the lower 
extremities following release of the distal clamp. Finally, those in 
favor of this approach claim that ability to more effectively close 
the retroperitoneum, particularly after resection of a short segment 
of the infrarenal aorta, results in lower rates of late graft infection 
and aortoenteric fistulae, although there is no direct evidence to 
support this assertion.

There are certain circumstances when an end-to-side proximal 
anastomotic configuration is advantageous. The most common 
indication involves those patients with occluded external iliac 

Common
femoral a.

Superficial
femoral a.

Profunda
femoris a.

FIGURE 21-3 In the setting of superficial femoral artery (SFA) and 
orificial profunda femoral artery disease, extending common femoral 
arteriotomy into origin of profunda and performing a profundaplasty 
prior to completing distal anastomosis of aortobifemoral bypass will 
improve outflow and maximize graft patency.



271

CH 
21

R
EC

o
n

sT
Ru

C
T

iv
E su

R
g

ERy
 fo

R PER
iPH

ER
A

l A
RT

ERy
 D

isEA
sE

arteries, in whom interruption of forward aortic flow may result 
in loss of perfusion to an important hypogastric or inferior mes-
enteric artery (IMA) and consequent significant pelvic ischemia. 
Colon ischemia (1%-2%),49 or even more rarely, paraplegia second-
ary to cauda equina syndrome (<1%),50 are additional complica-
tions that can be avoided by an end-to-side configuration. Although 
advocated by some,51 routine preservation of a patent IMA is not 
universally practiced.

Operative Management
The operative procedure is performed under general endotra-
cheal anesthesia, with an epidural catheter placed for postoper-
ative pain control. The patient is sterilely prepped and draped from 
the mid-chest to the mid-thighs. The femoral vessels are first exposed 
through bilateral longitudinal oblique incisions, thereby reducing 
the time in which the abdomen is open and the viscera exposed. 
Extent of exposure of the femoral vessels is dictated by severity 
of disease and level of reconstruction planned for the CFA and its 
bifurcation. Next, the inferior aspect of the retroperoneal tunnel 
through which the graft will course to reach the femoral region 
is begun with digital manipulation posterior to the inguinal liga-
ment and tracking along the anterior aspect of the external iliac 
artery. Antibiotic-soaked sponges are then placed in the groin 
wounds, and attention is turned to the aortic dissection.

The proximal reconstruction is performed via a midline laparot-
omy. In general, aortic dissection is limited to the region between 
the renal arteries and the inferior mesenteric artery. This allows 
avoidance of extensive dissection anterior to the aortic bifurcation, 
where the autonomic nerve plexus regulating erection and ejacu-
lation in men sweeps over the aorta. An intriguing recent survey 
indicated no significant differences in the rate of sexual dysfunc-
tion with open compared with endovascular repair of abdominal 

aortic aneurysms, suggesting the effects of aortic dissection in this 
area are perhaps less important than typically believed.52

In situations where significant aortic calcification extends up to 
the level of the renal arteries, it may be necessary to continue aor-
tic dissection to the suprarenal or even supraceliac level to allow 
for safe proximal clamp placement. Alternatively, proximal control 
may be obtained by intraluminal balloon deployment. If end-to-side 
repair is planned, circumferential dissection of the aortic segment 
to be clamped is recommended; gaining control of any lumbar or 
accessory renal vessels encountered prior to performing the aortot-
omy helps avoid troublesome backbleeding. The superior aspect of 
the graft limb tunnels are then completed, taking care to maintain a 
course anterior to the common iliac vessels but posterior to the ure-
ters. Between 5000 and 7000 units of heparin are then administered, 
with additional heparin given throughout the procedure to maintain 
the activated clotting time near the target range of 250 to 300 seconds. 
After allowing sufficient time for the heparin to circulate, atraumatic 
vascular clamps are placed above the IMA and just below the renal 
arteries. The distal clamp is applied first to avoid any distal emboli-
zation of plaque dislodged with placement of the proximal clamp. 
If an end-to-end anastomosis is planned, the aorta is transected 1 to 
2 cm below the proximal clamp, and a short segment of the distal 
aortic cuff is excised (Fig. 21-4A). This results in better exposure of 
the aortic neck and a more precise proximal reconstruction, and 
also allows the graft to lie flat against the vertebral column rather 
than anteriorly oriented, facilitating later retroperitoneal coverage. 
If necessary, a thromboendarterectomy of the infrarenal neck is car-
ried out at this point (Fig. 21-4B). Anastomosis is performed with a 
running suture of 3-0 polypropylene (Fig. 21-4C). The distal aorta is 
then oversewn with two layers of a running monofilament suture 
or stapled with a surgical stapler. If an end-to-side anastomosis is 
performed, an anterior longitudinal arteriotomy is carried out after 
placement of  proximal and distal transaortic clamps. If  necessary, 

A B C D
FIGURE 21-4 End-to-end proximal anastomosis for aortofemoral reconstruction is initiated with infrarenal aorta cross-clamp placed in anterior/
posterior direction as close to origin of renal arteries as possible. Aorta is transected 1 to 2 cm below proximal clamp. A short segment of distal aortic cuff is 
excised, and aorta is stapled or oversewn just proximal to origin of inferior mesenteric artery (IMA) (A). If necessary, a thromboendarterectomy of the aortic cuff is 
carried out (B). End-to-end configuration allows graft to lie flat against vertebral column and results in less turbulent flow (C). End-to-side configuration is required to 
preserve antegrade pelvic perfusion in situations where retrograde flow would be compromised due to heavily diseased or occluded external iliac arteries (EIAs) (D).
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an endarterectomy is performed and anastomosis carried out after 
the graft is beveled appropriately (Fig. 21-4D). If minimal plaque is 
present, the distal anastomosis is performed to the common femoral 
artery, and individual dissection of the superficial femoral and pro-
funda femoral arteries is not necessary.

Another point of some debate concerns optimal manage-
ment of patients with multilevel occlusive disease. The question 
 frequently arises as to whether or under what circumstances a con-
comitant or staged outflow procedure should be performed. It is 
generally believed that up to 80% of patients with both inflow and 
outflow disease will be substantially improved following aorto-
femoral bypass grafting.11,22 Other reports, however, have suggested 
that as many as a quarter to a third of such patients will not have 
significant symptomatic relief with an inflow procedure alone.23 
Although no single parameter exists to reliably guide the surgeon 
to know in which circumstances a combined procedure is optimal, 
severity of distal ischemia is probably the most important factor 
to be considered. Overall medical condition of patients and their 
ability to tolerate a prolonged operative procedure is also clearly 
important. Finally, the status of the profunda femoral artery must be 
taken into consideration. In the presence of SFA occlusion, a pro-
funda that is atretic or extensively diseased may well be unable to 
provide sufficient collateral runoff to the foot.

If on the one hand, the bypass procedure is undertaken for clau-
dication alone or mild rest pain, restoring adequate inflow may 
provide sufficient and relatively durable symptomatic relief. If on 
the other hand, significant tissue loss is present, a combined inflow 
and outflow procedure is likely warranted if limb salvage is to be 
achieved. If several operating teams are used, performing both pro-
cedures at the same time can be done in an acceptably timely fash-
ion and has been found to be safe. Indeed, several recent reports 
found no significant differences in operative mortality or periop-
erative morbidity in patients undergoing concurrent inflow and 
outflow procedures compared with those having major inflow 
reconstruction alone.53,54 Although staged revascularization may 
be preferable in certain circumstances, both the risk of wound 
and graft infection resulting from redissection in the groin and the 
risk of progressive tissue loss during the initial recuperative period 
must be considered with this approach.

Results

Aortobifemoral bypass grafting is associated with patency rates 
that are among the highest reported for any major arterial recon-
struction. As indicated earlier, 5-year primary patency rates of 70% 
to 88%29,31,32 and 10-year rates of 66% to 78%29 have been described. 
Better rates have been realized in those patients with good infrain-
guinal outflow operated on for claudication, compared with those 
with limb-threatening ischemia and associated infrainguinal 
occlusive disease. In general, patients with disease limited to the 
aortoiliac region have excellent relief of symptoms following aor-
tobifemoral grafting, whereas those with multilevel disease have 
less complete levels of symptom diminution. Perioperative mortal-
ity rates average 4%, whereas 5-year survival rates between 70% and 
75% have been reported.31,55,56 This latter rate is notably less than 
the 5-year survival rate of age-matched control population but on 
par with that typically seen for claudicants in general.

Although the early and late mortality rates are similar across dif-
ferent age groups, the 5-year primary and secondary patency rates 
are significantly increased with each increase in age group.33 Reed 
et al. reported that primary patency rates were 66%, 87%, and 96%, 
and secondary patency rates were 79%, 91%, and 98% (Fig. 21-5), 
respectively, for those younger than 50, 50 to 59, and older than 
60 years of age.33 It seems prudent, based on these findings, to 
apply caution in the application of aortobifemoral bypass grafting 
for younger patients with virulent aortoiliac disease. The potential 
impact of graft failure and need for subsequent complex inter-
ventions should be considered, especially given the longer life 
expectancy of younger patients. Full utilization of all medical and 
endovascular options appears to be the best first-line option for 
younger patients with severe aortoiliac occlusive disease.

EXTRA-ANATOMICAL BYPASS

When comorbid disease renders a patient with aortoiliac occlu-
sive disease particularly unsuitable for major vascular surgery and 
aortic cross-clamping, or when sepsis, prior surgery, or the presence 
of a stoma presents a hostile surgical environment for abdominal 
exploration, several alternatives are available to the vascular sur-
geon. Reconstructive options in which the thoracic aorta,  axillary, 
iliac, or femoral arteries serve as donor vessels are generally 
referred to as extra-anatomical to distinguish them from the inline 
flow represented by an aortobifemoral procedure. The concept 
of extra-anatomical arterial reconstruction emerged in the 1950s 
during a time of many new developments in the field of vascular 
surgery. Freeman and Leeds provided one of the first descriptions 
in 1952 in their report of the use of the SFA as the conduit for 
a crossover  femorofemoral bypass graft.57 These approaches are 
also called on in desperate situations represented by infection of 
a  previously placed aortic graft.

AXILLOBIFEMORAL BYPASS

Axillobifemoral bypass grafting was introduced by Blaisdell58 in 
the early 1960s and has since enjoyed increasing popularity as 
an alternative to aortobifemoral bypass. This is largely due to the 
reliability of the axillary artery as a donor vessel and the minimal 
morbidity incurred, making it a particularly appealing option for 
patients with significant operative risk from comorbid disease. It 
is also appropriate in patients with significant aortoiliac occlu-
sive disease of the distal aorta and the iliac arteries in the setting 
of intraabdominal sepsis, a history of multiple prior abdominal 
operations, intraabdominal adhesions, or prior pelvic irradiation. 
Of note, LoGerfo et al.59 have shown that axillobifemoral grafting 
has improved long-term patency compared with axillo-unifemoral 
grafting, presumably owing to the increased flow afforded by the 
second outflow limb.

Although usually performed under general anesthesia, it is 
 possible to carry out the procedure using a combination of local 
anesthesia and intravenous conscious sedation. In the event that 
one arm has a higher blood pressure or a stronger pulse, that side 
should be selected as the donor site. If both sides are equal, the 
right axillary artery is chosen because evidence suggests there is 
a lower risk of arterial occlusive disease developing in the right 
 subclavian artery compared with the left.

The axillary artery is exposed through a short infraclavicular 
incision parallel to the clavicle in the deltopectoral groove. The 
pectoralis major muscle is then bluntly separated between the 
clavicular and sternal heads, and the pectoralis minor  muscle 
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FIGURE 21-5 Overall 5-year cumulative secondary patency rates in a 
recent cohort of patients undergoing aortobifemoral bypass grafting, 
indicating an inverse relationship between age and graft patency. (From 
Reed AB, Conte MS, Donaldson MC, et al: The impact of patient age and aortic size on 
the results of aortobifemoral bypass grafting, J Vasc Surg 37:1219, 2003.)
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is identified and typically divided, enhancing exposure and 
 allowing more space for the graft as it courses from the axilla 
to the subcutaneous space. The axillary artery medial to the 
pectoralis minor is then isolated because the proximal anasto-
mosis is optimally placed as close to the chest as possible to 
minimize the risk of kinking or graft avulsion during rotational 
shoulder movement. Avoiding more lateral dissection further 
reduces the risk of injuring the medial and lateral cords of the 
brachial plexus as they emerge anteriorly to form the median 
nerve. A tunnel is created between the axillary and femoral arter-
ies in the subcutaneous space, tracking deep to the pectoralis 
major muscle and inferiorly along the midaxillary line before 
coursing medial to the anterior superior iliac spine; this latter 
orientation is important to avoid kinking of the conduit in the 
sitting position. Long, rigid tunneling devices with a removable 
central obturator are specifically designed for this step and have 
helped lower the incidence of graft infection by obviating the 
need for counterincisions.

The CFAs are then dissected through standard bilateral short 
groin incisions, and a second subcutaneous tunnel is fashioned 
between them in an extrafascial suprapubic plane. A Dacron or 
polytetrafluoroethylene (PTFE) graft, typically 8 mm in diam-
eter, is then drawn through the tunnel. Although there is no  
convincing evidence that one graft material is superior to 
the other, several reports support the common practice of 
using an externally reinforced graft.60,61 Newer grafts are avail-
able that are prefigured in an axillobifemoral configuration, 
thereby reducing from four to three the number of anastomo-
ses needed. As in aortobifemoral bypass grafting, unrestricted 
outflow should be ensured by carrying the hood of the femoral 
grafts down over the profunda orifice and performing an end-
arterectomy or profundaplasty when necessary. If a prefigured 
graft is unavailable, the origin of the cross-femoral graft can be 
tailored to the body habitus of the patient. In most cases, the 
graft is taken off the distal hood of the descending axillofemo-
ral graft. In particularly obese individuals,  however, it may be 
preferable to move the takeoff more proximally to prevent kink-
ing at the level of the inguinal ligament. Orienting the takeoff of 
the crossover graft at an acute angle to give an S-shaped final 
configuration has been associated with higher patency rates in 
some studies.62

Many of the complications following axillofemoral grafting are 
directly related to the graft and potentially avoidable. Disruption of 
the proximal anastomosis, or axillary pullout syndrome, can be min-
imized by proper orientation of the proximal hood and ensuring 
that the descending limb of the graft is free from undue tension.63 
Kinking and subsequent thrombosis of the graft can be reduced by 
strict attention to tunnel position and use of a reinforced conduit. 
Given the minimal physiological insult, most patients undergoing 
axillofemoral grafting are ambulatory and able to tolerate a regular 
diet on the first postoperative day.

Reported long-term patency rates of axillofemoral grafts have 
varied significantly, ranging from as low as 29% to as high as 
85%.60,64–66 Favorable results were reported by Passman et al.,67 who 
achieved 5-year patency rates of 74% and a long-term limb salvage 
rate of 89%, and who are vocal advocates of a wider use for this 
approach. In general, axillobifemoral grafting should be reserved 
for high-risk patients with significant tissue loss and in danger of 
limb loss, and not be used for treating claudication.

FEMOROFEMORAL BYPASS

Femorofemoral bypass grafts are ideally suited to patients with pre-
served flow in both the aorta and one iliac branch, but occlusion 
or severe stenosis of the contralateral iliac not amenable to percu-
taneous treatment (Figs. 21-6 and 21-7A-B). Although possible to 
perform under local anesthesia in high-risk patients, it is best car-
ried out under regional or general anesthesia. On occasion, it has 
been performed in an intensive care unit setting in the  particular 
instance of a leg rendered acutely ischemic by placement of 

an intraaortic balloon pump. Technical details are identical to 
those of the crossover component of the axillobifemoral grafting 
 discussed earlier. The suprapubic tunnel is created in a gentle C 
curve just superficial to the deep fascia, and can in most instances 
be completed by blunt finger dissection approaching from both 
groin incisions. Although some surgeons advocate placement of 
the tunnel beneath the rectus sheath, this is a minority view. Again, 
if warranted by the presence of significant concomitant femoral 
disease, an endarterectomy or profundaplasty is indicated prior to 
 completion of the proximal or distal anastomosis.

Graft failure due to progression of inflow disease following 
femorofemoral grafting is less problematic than one might pre-
dict. Some investigators have argued that the increased flow 
through the donor iliac artery following restoration of bilateral 
outflow, in essence shifting the aortic bifurcation to a more  distal 
point, serves to impede further development of atherosclerotic 
 disease. Animal studies correlating blood flow and shear stress 
with  intimal hyperplasia lend support to this explanation.68 Maini 
and Mannick reported a 5-year cumulative patency rate of 80%.69 
This is similar to other reports in the literature70–72 and compares 
favorably with the 85% rate seen with conventional aortobifemo-
ral bypass grafting.33

With its high patency rates and low associated morbidity, 
cross-femoral grafting is an excellent option in patients with 
favorable anatomy. Given the risk of late graft failure from progres-
sion of inflow disease and the potential need to reintervene on 
 previously dissected femoral beds should a later aortobifemo-
ral graft be needed, however, it has traditionally been advised to 
proceed directly to aortobifemoral grafting in good-risk patients 
with any evidence of atherosclerotic disease in the aorta or 
 patent iliac  vessels. In the current era, aortic or iliac angioplasty 
and/or stenting in combination with cross-femoral grafting is a 
viable  alternative in this setting, particularly for those patients at 
increased  operative risk.

FIGURE 21-6 Oblique-view digital subtraction angiogram indicating 
a long-segment total occlusion of left external iliac artery (EIA). Extra-
anatomical left-to-right femorofemoral or iliofemoral bypass grafting would 
be appropriate options for this anatomical disease distribution (see also 
Fig. 21-7).
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ILIOFEMORAL BYPASS

Iliofemoral grafting is another alternative to aortobifemoral 
 grafting for a selected group of patients with hemodynamically sig-
nificant disease limited to the EIA (see Fig. 21-6). Currently, most 
patients with this anatomical pattern of disease would typically 
undergo an attempt at percutaneous recanalization of a tightly 
stenotic or long-segment external iliac occlusion. Indeed, as the 
success rates with such efforts increase, the number of iliofemo-
ral bypass grafts performed has continued to fall. However, if the 
percutaneous approach is unsuccessful, an iliofemoral bypass 
remains an excellent surgical option because it can be performed 
with minimal morbidity and cardiopulmonary insult and avoids 
the long, descending limb necessitated by an axillofemoral graft 
(see Fig. 21-7). Because the grafts are situated within the pelvis, they 
are also better protected from kinking, infection, and thrombosis 
than either axillofemoral or femorofemoral grafts. Less disturbance 
of inguinal lymph nodes and lymphatic channels typically occurs 
with the more limited dissection necessary.

Either the ipsilateral common iliac or proximal EIA can serve 
as the donor site, and if need be, a bifurcated graft can be used 
and taken to both femoral vessels. Alternatively, bilateral iliofemo-
ral grafts or an ilioiliac graft can be fashioned as appropriate. Iliac 
exposure can be achieved through an oblique suprainguinal “trans-
plant” incision and development of the  retroperitoneal plane, which 
affords excellent proximal exposure even in the obese patient. Care 
must be taken in isolating the donor vessel and tunneling the graft 
to avoid injury to the ureter  coursing over the iliac bifurcation. If a 
crossover graft is used, it can be  tunneled retroperitoneally in the 
iliac fossa or across the  properitoneum deep to the rectus sheath.

In early experience with iliac origin grafts reported by Couch 
et al., there were no operative deaths and a 77% 4-year patency 
rate.73 Nearly half of these patients were operated on for limb sal-
vage in the face of critical ischemia. In patients undergoing revas-
cularization with bilateral iliofemoral grafts, the 4-year patency 
rates were 92%, whereas an 85% patency rate was seen if both the 
superficial and deep femoral vessels were patent.73 Other reported 
series of iliofemoral bypass grafting have indicated similar patency 
rates.71,74

THORACIC AORTA–TO–FEMORAL ARTERY BYPASS

As early as 1961, Blaisdell et al. reported on a novel extra- anatomical 
bypass from the descending thoracic aorta to the femoral artery, 
followed by a femorofemoral bypass.75 Although carried out in 
the setting of sepsis after a ruptured aneurysm repair and not for 
 occlusive disease, it provided a new alternative when the  infrarenal 
aorta was inaccessible or inappropriate as a donor  vessel. The 
procedure is performed through a thoracotomy incision, typi-
cally entering the chest through the eighth or ninth interspace. 
A muscle-sparing technique in which the latissimus dorsi muscle 
is not divided aids in postoperative pain management. The distal 
descending thoracic aorta is circumferentially dissected enough 
to allow for clamp control, with care taken to avoid injury to the 
adjacently positioned esophagus. A tunnel is fashioned by separat-
ing the diaphragm from the posterior chest wall over a  distance of 
two finger breadths. In 1994, Criado and Keagy76 reviewed the liter-
ature and summarized 193 reconstructions taken off the descend-
ing thoracic aorta. Not unexpectedly, the majority were performed 
for thrombosis or infection of a previously placed aortic graft, 
although some  primary procedures undertaken in the setting of 
a “hostile” abdomen were included. Cumulative 5-year primary 
and secondary patency rates of 73% and 83%, respectively, were 
obtained, and the operative mortality rate was 6%.76

LAPAROSCOPIC REVASCULARIZATION

There is an increasing interest in applying laparoscopic tech-
niques to the treatment of aortic occlusive disease, reflected in a 
small but growing body of literature of individual case series.77,78 
Some surgeons have favored a more limited approach using 
hand-assisted techniques and smaller incisions,79 whereas oth-
ers have championed the use of complete laparoscopic or robot-
assisted revascularization.77,80,81 The purported benefits of shorter 
hospital stays, less perioperative pain, and fewer postoperative 
complications are  balanced against longer operative times and 
lack of  long-term data to support the durability of this alternative 
approach. It remains at present an extremely technically challeng-
ing procedure with a  significant learning curve. As the technology 

A B C
FIGURE 21-7 Patent common or external iliac artery (EIA) may be used as donor vessel for (A) iliofemoral, (B) ilioiliac, or (C) iliobifemoral bypass 
grafts depicted. Lesions depicted in A and B would also be appropriate for femorofemoral grafts, whereas lesion in C would be appropriate for aortobifemoral or 
axillobifemoral grafting.
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advances and improvement is seen with anastomotic devices and 
instrumentation, the role of aortofemoral bypass will likely expand 
and become more defined. At present, however, it has failed to gain 
widespread acceptance and is routinely undertaken in only a lim-
ited number of centers.

Infrainguinal Arterial Occlusive Disease
Infrainguinal arterial occlusive disease is the most prevalent 
manifes tation of chronic arterial occlusive disease encountered 
and treated by the vascular surgeon. Isolated disease of the SFA 
typically manifests as calf muscle claudication, whereas patients 
with multilevel disease involving the superficial femoral, popliteal, 
and tibial arteries generally have rest pain or ischemic tissue loss. 
The ischemia ulcerations usually begin as small, dry ulcers of the 
toes or heel area and progress to frankly gangrenous changes of 
the forefoot or heel, with greater degrees of arterial insufficiency. 
Several identifiable patterns of disease are recognized, with smok-
ers typically having disease limited to the SFA and corresponding 
symptoms of claudication. Diabetes most often targets the popli-
teal and tibial vessels, and patients may present with frank tissue 
necrosis with no history of claudication.

Infrainguinal reconstruction for treatment of peripheral vascu-
lar occlusive disease has been increasingly successful for both 
long-term palliation of intermittent claudication and for salvage 
of limbs threatened by critical ischemia. There are times when 
 primary amputation represents the safest and most advisable solu-
tion in the face of irreversible ischemia, particularly in cases where 
extensive infection or tissue necrosis is present. In addition, cer-
tain patient populations may have a combination of risk factors 
that may be predictive of a prohibitively poor outcome. This may 
include patients of advanced age or those in a dependent living 
 situation on hemodialysis.82 Otherwise, an attempt at reconstruc-
tion is almost always indicated when a limb is threatened by severe 
ischemia. Improvements in perioperative management and surgi-
cal technique have allowed progressively more distal reconstruc-
tions to be successfully completed in an older, sicker, and more 
challenging patient population. In general, high rates of relief 
for claudication and up to an 80% to 90% limb salvage rate may 
be anticipated for patients with critical ischemia at institutions 
devoted to peripheral bypass surgery.

A large prospective randomized double-blinded multicenter 
trial, the Project of Ex Vivo Graft Engineering via Transfection 
III (PREVENT III), was recently conducted to evaluate the effi-
cacy of edifoligide in preventing autogenous vein graft failure 
in lower extremity revascularization for critical limb ischemia 
(CLI).83 Although the trial failed to show any significant primary 
patency or limb salvage benefit of the studied medication, it did 
provide valuable contemporary information regarding infraingui-
nal bypass outcomes. In the study cohort of 1404 patients from 
83 North American sites, the 30-day operative mortality rate was 
2.7%. Assisted primary patency, limb salvage, and survival at 1 year 
were 77%, 88%, and 84%, respectively.83 A validated risk score  
subsequently created to allow stratification of patient risk fac-
tors in the setting of limb-threatening ischemia demonstrated that 
 amputation-free survival was negatively associated with dialysis 
dependence, tissue loss, age older than 75, anemia, and coronary 
artery disease.84 The PREVENT III dataset additionally provided 
one of the first comprehensive evaluations of patient quality of life 
before and after surgical revascularization. Notably, patients under-
going successful surgical revascularization reported a significant 
quality-of-life improvement at 1 year compared to baseline levels.85

The two major indications for surgical intervention of 
 infrainguinal arterial occlusive disease are claudication and limb- 
threatening critical ischemia. Claudication is a relative indication, 
given the natural history of the disease; of patients with claudi-
cation, only 1% per year will ultimately progress to limb loss.86,87 
As such, it remains a subjective assessment on the parts of both 
patient and surgeon as to the relative degree of disability a given 
level of claudication pain represents.

Role of Percutaneous Transluminal Angioplasty
Of relevance in this regard is the significant shift in the indica-
tions for percutaneous intervention for infrainguinal occlusive dis-
ease witnessed in recent years. As the associated risks of  balloon 
angioplasty and stenting have fallen and relative success rates 
have risen, the threshold for offering endovascular treatment to 
 claudicants has decreased considerably. Patients once considered 
appropriate only for risk factor modification, exercise therapy, and 
medical treatment are now increasingly being offered percutane-
ous revascularization as a secondary or even primary treatment 
option (see Chapter 20). The relative merits of early intervention 
as opposed to traditional risk factor modification and exercise 
therapy for  individuals with claudication remains controversial.88 
Some authors have found no improvement in quality-of-life out-
comes following percutaneous treatment for claudication over 
and above supervised exercise training programs and have also 
demonstrated endovascular therapy to be cost-ineffective for this 
indication.89 Others have noted an additive benefit when combin-
ing percutaneous intervention with supervised exercise programs 
and optimal medical management, as indicated by improved 
 quality-of-life indices.90,91

In terms of patients with severe limb ischemia secondary to 
infrainguinal occlusive disease, the awaited long-term results of the 
Bypass versus Angioplasty in Severe Ischaemia of the Leg (BASIL) 
trial recently became available.92 The BASIL trial was a random-
ized controlled trial performed in 27 U.K. centers from 1999-2004. 
This seminal work was designed to compare a strategy of open 
surgical revascularization first to that of percutaneous angioplasty 
first in a population of patients with severe limb ischemia, and 
represents the only level-I evidence comparing these treatment 
modalities to date. The initial analysis published in 200593 found no 
difference in the primary endpoints of overall or amputation-free 
survival for open surgery vs. angioplasty, though it did find that 
surgery was more costly in the short term. The more recently pub-
lished longer-term follow-up results also indicated the two study 
arms had equivalent amputation-free and overall survival by inten-
tion to treat analysis.94 However, for patients who survived beyond 
2 years  (representing 70% of the total cohort), open surgical bypass 
conferred improved overall survival and a trend toward improved 
amputation-free survival. The trialists concluded that for patients 
with available autologous vein and a life expectancy exceeding 
2 years, the preferred method of revascularization is open bypass 
surgery. They further noted that when percutaneous angioplasty 
was employed as the primary intervention, it had a significantly 
negative impact on the outcome of future surgical revasculariza-
tion attempts.

Occlusive disease of the tibial vessels, once thought to be the 
exclusive domain of operative bypass, is increasingly being 
treated percutaneously. The impact of these trends on the natu-
ral history of the disease, and to what extent the expanding reach 
of  percutaneous therapy will affect subsequent operative manage-
ment in a given patient, remains to be seen. Certainly, as enthusiasm 
for less invasive options has spread to include the  infrapopliteal 
level, the relative roles of surgical and  percutaneous interven-
tion are being  further redefined. Newer-generation  atherectomy 
devices, drug-eluting balloon angioplasty, and flexible stents 
designed to withstand the unique torsional forces of the leg 
or with drug-eluting capability may significantly improve the 
patency and durability rates  currently seen.95,96 Until the efficacy of 
 infrainguinal  percutaneous intervention is better defined, however, 
surgical revascularization remains the standard for any patient 
with  critical limb ischemia. For patients with favorable anatomy 
and  significant operative risk, and for treatment of claudication in 
general,  percutaneous therapy has assumed a more primary role.

Duplex ultrasonography, MRA, and CTA are increasingly used as 
first-line modalities in the assessment of patients with infrainguinal 
occlusive disease (see Chapters 12, 13, and 14). Although a growing 
body of literature supports use of duplex scanning as a stand-alone 
preoperative mapping modality,97 this requires a highly dedicated 
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vascular laboratory and, to date, has not gained wide acceptance. 
Magnetic resonance angiography and CTA are particularly useful 
as noninvasive screening tests to determine patient suitability for 
percutaneous therapy. In some instances, operative planning may 
be based solely on such  noninvasive radiographic information, but 
many surgeons are reluctant to undertake surgical reconstruction 
without the confirmation afforded by standard contrast angiogra-
phy. This is particularly true if the distal target is at the tibial or 
pedal level, where CTA and MRA technology remains more limited.

Operative Management
Infrainguinal bypass can be performed under general anesthesia 
or, in the appropriate patient, under regional, spinal, or epidural 
anesthesia. The multiple sites of dissection and the harvesting of 
saphenous vein or an alternative vein conduit make these proce-
dures particularly suited to a two-team approach. The time saved, 
particularly in cases involving potentially more tedious arm vein 
or lesser saphenous vein harvesting, has direct benefit in minimiz-
ing the total anesthetic load and physiological insult to the patient. 
Typically, the site proposed for the distal anastomosis is explored 
first to ascertain whether the preoperative imaging was accurate in 
predicting the suitability of the target vessel. On occasion, the oper-
ation is begun with an on-table angiogram to clarify the anatomy if 
preoperative imaging was deferred or ambiguous.

The above-knee popliteal vessel is easily exposed through a 
medial thigh incision, with subsequent posterolateral retraction of 
the sartorius muscle. The popliteal artery, with its accompanying 
vein and nerve, is found just posterior to the femur. The vessel 
is palpated to determine the presence of atherosclerotic plaque, 
which will guide the extent of dissection and the optimal bypass 
target site. The below-knee popliteal artery is also exposed through  
a medial incision in the proximal calf (Fig. 21-8). If the saphenous 
vein is to be harvested, the incision is made directly over the vein to 
minimize creation of devascularized skin flaps. With the exposed 
vein carefully protected, the incision is carried through the deep 
muscular fascia, and the medial head of the gastrocnemius is 
reflected posterolaterally to expose the below-knee  popliteal fossa. 
The distal popliteal artery is then dissected free from the  adjacent 

tibial nerve posteriorly and popliteal vein medially. If the  distal 
target is the tibioperoneal trunk, the dissection is continued along 
the anteromedial surface of the distal popliteal artery after divid-
ing the origin of the soleus muscle from the tibia (Fig. 21-9). In 
instances in which the below-knee popliteal artery has previously 
been exposed or where sepsis is involved, a lateral approach with 
excision of a segment of proximal fibula is a useful alternative 
approach to the below-knee popliteal artery.

Although exposure of the proximal posterior and peroneal ves-
sels can be gained by extending the tibioperoneal trunk dissec-
tion distally, more distal exposure of these vessels is best gained 
through targeted medial incisions. The posterior tibial artery is 
found more medially on the reflected soleus muscle, whereas 
the peroneal artery is deeper and more lateral. The posterior tib-
ial artery at the level of the ankle is a relatively easier target given 
the proximity of the vessel to the skin surface. The initial incision 
is made just  posterior to the medial malleolus, and the artery is 
exposed by  division of the overlying retinaculum. Further distal 
dissection allows access to the bifurcation and medial and lateral 
plantar branches.98 The anterior tibial artery is typically approached 
from the anterolateral aspect of the calf (see Fig. 21-9) and is found 
deep within the anterior compartment with the adjacent deep pero-
neal nerve and anterior tibial veins. The dorsalis pedis artery is eas-
ily exposed through an axial incision on the dorsum of the foot just 
lateral to the extensor hallucis longus tendon (see Fig. 21-9).

Following exposure of the distal anastomotic target vessel, the 
site of the proximal anastomosis is dissected. For patients with SFA 
disease, this will most commonly be at the level of the common 
femoral artery. The artery is mobilized as already described, from 
the level of the inguinal ligament to its terminal bifurcation. The 
distal extent of this dissection is dictated by the presence of con-
comitant femoral plaque. Lymphatic tissue overlying the femoral 
vessels is best ligated and divided to prevent postoperative devel-
opment of lymph fistulas or lymphoceles. If an extensive endar-
terectomy or profundaplasty is required, the proximal profunda 
femoral artery is dissected along its proximal length accordingly.

If all or part of the SFA is spared of signifi cant atherosclerotic 
involvement, the proximal anastomosis can be moved distally as 
dictated by the particular anatomical pattern of disease, and a 

A
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B

Popliteal artery
Popliteal vein

Popliteus muscle
Great
saphenous
vein

Gastrocnemius muscle

FIGURE 21-8 Exposure of popliteal artery below knee. Medial incision is made (A) directly overlying course of great saphenous vein (B). After posterior 
reflection of the gastrocnemius muscle the tibial nerve, popliteal vein, and popliteal artery are encountered in the deep posterior compartment.
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 so-called distal origin graft can be fashioned99 (Fig. 21-10). This situ-
ation is particularly applicable to the diabetic population, where 
infrapopliteal disease is the rule, and sparing of the superficial 
femoral and popliteal arteries is not uncommon. It is also used in 
situations where conduit is sparse and a moderately diseased prox-
imal vessel is accepted as an inflow source for a more distal origin 
bypass graft in the interests of performing a fully autologous vein 
graft rather than using prosthetic material. An increasingly popu-
lar approach when only limited conduit is available is to combine, 
either concurrently in the operating room or as a staged preopera-
tive procedure, catheter-based treatment of the superficial femoral 
or popliteal artery inflow with more distal bypass.99

AUTOGENOUS VEIN BYPASS

In general, infrainguinal bypass surgery is best performed with 
autogenous vein conduit, preferably the ipsilateral greater saphe-
nous vein if available.100 This is particularly true for grafts extend-
ing below the knee, where prosthetic conduits of Dacron or PTFE 
have significantly poorer patency rates. The first report of a femo-
ropopliteal bypass graft using autogenous greater saphenous vein 
in a reversed orientation was by Kunlin in 1951.5 Given the orien-
tation of the vein valves, the vein is reversed such that the distal 
end of the vein is sewn to the proximal inflow artery, and the larger 
proximal end of the vein is sewn to the distal outflow artery. The 
vein is harvested through a long incision overlying the course of 
the vein or by more tedious but less invasive sequential skip inci-
sions with intervening cutaneous skin bridges (see Fig. 21-9). All 
side branches are ligated, and after harvest, the vein is cannulated 
and gently dilated with a solution containing heparin and papav-
erine to assess its suitability. Veins with chronic fibrosis or that fail 
to dilate to a diameter of 3 mm or greater will likely have poor long-
term function.

For prosthetic grafts, a tunnel is usually fashioned through the 
subsartorial plane between the groin incision and the above-
knee popliteal space in the interests of protecting the graft 
from  subsequent infection. For vein conduits, it remains the sur-
geon's preference as to whether the graft is tunneled deeply or 

in a  superficial location in the subcutaneous space. The more 
 superficial configuration greatly facilitates ongoing clinical exam-
ination and ultrasonographic surveillance as well as later surgi-
cal revision, but it carries a risk of graft exposure should there be 
wound-healing problems. Occlusion from trauma to grafts placed 
superficially has been of theoretical but not practical concern.

The order of anastomoses is surgeon dependent, with strong 
feelings expressed in each camp. Before occluding the target 
 vessel, the patient is systemically anticoagulated with 5000 to 
10,000 units of heparin. The artery is then clamped proximally 
and distally and incised, the vein spatulated, and a beveled anas-
tomosis is carried out. Typically, a 5-0 monofilament suture of 
Prolene is used for the femoral anastomosis, a 6-0 suture is used 
at the popliteal level, and a very fine 7-0 suture is used at the tibial 
or pedal level. If the target tibial vessel is deep within the calf and 
visibility is challenging, a technique of “parachuting” the heel of 
the distal anastomosis is often employed. After completing the 
first anastomosis, the graft is carefully marked to ensure against 
mechanical twisting or kinking of the graft during the tunneling 
process. One of the benefits of performing the proximal anasto-
mosis first is that following release of the clamps, adequacy of 
flow through the graft can be assessed.

Occasionally, such extensive calcification of the target vessel 
is encountered that the risk of a significant injury from clamp-
ing, even with the minimally traumatic clamps in use today, is 
 prohibitively high. In such cases, proximal inflow and distal artery 
backbleeding can be controlled by occlusion balloons placed 
intraluminally. For distal anastomoses at the knee or more distal 
level, another alternative technique is use of a proximally placed 
sterile  pneumatic tourniquet. This is particularly advantageous 
when sewing to diminutive distal tibial or pedal targets, where the 
impact of a crush injury or plaque dislodgment on graft function 
could be considerable. Removing the need for clamps by using 
the tourniquet has two more advantages. First, it improves opera-
tive visibility. Second, and more importantly, given that less longi-
tudinal and circumferential dissection are needed, the degrees of 
 vessel spasm and venous bleeding that frequently accompany ves-
sel exposure at this level are kept to a minimum.

Flow through the graft and outflow arteries is assessed with 
continuous-wave Doppler ultrasound following completion of 
the bypass. Ideally, a contrast angiogram is also performed after 
directly cannulating the proximal graft (Fig. 21-11). This allows for 
immediate repair of any technical defects—for example, intralu-
minal thrombus, twisting or kinking of the graft, or retained valve 
cusps, that are identified101 (Fig. 21-12). Intraoperative completion 
duplex ultrasonography is a sensitive screen for hemodynamically 
significant abnormalities within the graft.102,103

Current reports of the 5-year results of reversed saphenous vein 
graft using modern techniques have been excellent, with primary 
and secondary patency rates of 75% and 80%, respectively, and 
limb salvage rates of 90%.104,105

IN SITU GRAFTING

There has been ongoing enthusiasm in some circles for in situ 
vein bypass grafting, whereby except for its proximal and distal 
extent, the greater saphenous vein is left undisturbed in its native 
bed. This technique was first described in 1962106 but was later 
popularized by Leather and Karmody in the late 1970s.107 Recent 
reports of in situ saphenous vein grafting have indicated 5-year 
graft patency rates approaching 80% and limb salvage rates of 
84% to 90%.105,108–110

The approach minimizes trauma to the vein during excision 
and handling, and in theory enhances preservation of the vasa 
 vasorum and endothelium. It further lowers the considerable 
risk of wound healing complications seen with traditional vein 
harvesting and facilitates creation of more technically precise 
 anastomoses because the proximal and distal vein diameters are 
more closely matched to those of the inflow and outflow target 
 vessels (Fig. 21-13). Extent of proximal vein mobilization is dic-
tated by location of the saphenofemoral junction relative to the 

Anterior
tibial artery

Femoral
artery

Saphenous
vein

Saphenous vein

Popliteal space
Tibial peroneal

trunk

Posterior tibial artery Peroneal
artery

Dorsalis
pedis artery

FIGURE 21-9 Placement of incisions for femoropopliteal and 
femorotibial bypass and for greater saphenous vein harvest. These 
should avoid the incision lines for a below-knee amputation.
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FIGURE 21-10 A-E, Arteriogram indicating preservation of superficial femoral artery (SFA) and popliteal arteries with mid-calf occlusions of all three infrageniculate 
vessels. This anatomical pattern of disease is amenable to “distal origin” vein grafting from below-knee popliteal or proximal posterior tibial artery to dorsalis pedis 
artery.
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 proposed site of the proximal anastomosis. It may at times be neces-
sary to perform an endarterectomy of the SFA if the length of proxi-
mal vein is insufficient. Lysis of the valve cusps is obligatory given 
the nonreversed configuration, and is facilitated by newer less trau-
matic valvulotomes that function safely through the blinded seg-

ments of undissected graft. Critics of this technique argue that the 
advantages listed have not translated into improved graft function 
or patency. They further argue that the time required and dissec-
tion involved in finding and ligating substantial side branches—
which can develop into physiologically important  arteriovenous 

A

C
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D

FIGURE 21-11 Intraoperative completion 
arteriograms of distal anastomoses to above-
knee popliteal (A), below-knee popliteal (B), distal 
posterior tibial (C), and dorsalis pedis (D) arteries.
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fistulae (AVF) that “steal” distal flow—obviates the stated benefits 
of this approach. Newer techniques using angioscopy and endolu-
minal coiling111 of larger side branches may help minimize these 
concerns.

Angioscopic-assisted valve lysis has been employed for more 
than a decade but has not gained widespread favor. Although 
there is a significant learning curve with this technology, and opera-
tive times—at least initially—are significantly prolonged,  advocates 
cite fewer wound complications, shorter hospital stays, and 
decreased recuperative periods as potential benefits. Proponents 
of routine angioscopy for direct visualization of valve lysis stress its 
particular utility in demonstrating such unsuspected endoluminal 
venous pathology as phlebitic strictures, webs, and fibrotic valve 
cusps.112 This adjunct may be particularly useful in cases in which 
arm vein is used, when endoluminal pathology is more frequently 
 encountered and is presumably partly responsible for suboptimal 
results.113

NONREVERSED SAPHENOUS VEIN GRAFTS

Recognizing the many practical advantages inherent to the in situ 
technique, Belkin et al. and others have modified the approach 
to infrainguinal bypass grafting with venous conduit to incorpo-
rate several of the same principles.114 In particular, if the harvested 
vein is tapered to any significant extent, it is used in a nonreversed 
fashion. By optimizing the size matching between the artery and 
vein at both the proximal and distal anastomosis sites as discussed 
 earlier, one can often use smaller veins than would be suitable 
for reversed vein grafting. The nonreversed configuration also 
allows preservation of the saphenous vein hood, which extends 
the  available  conduit length and is especially beneficial when the 
femoral artery is thick walled and diseased.

The vein is harvested and dilated in a similar fashion to reversed 
vein grafts, and the cusps of the proximal valve of the greater 
saphenous vein are excised under direct vision with fine Potts 
scissors. There are currently two main types of valvulotomes avail-
able. The modified Mills valvulotome is a short, metal, hockey 
stick–shaped cutter that can be introduced through the dis-
tal end of the vein or through the side branches. After the proxi-
mal anastomosis is performed, and with the perfused conduit on 
gentle stretch, the valves are carefully lysed in a sequential fash-
ion by pulling the  valvulotome inferiorly. An alternative recently 
designed  self-centering  valvulotome allows lysis of all valves in 
a single pass and is believed by some to be less traumatic. Once 

 acceptable pulsatile flow is ensured, the distal anastomosis is per-
formed in the standard fashion.

It is important to note that similar patency rates have consistently 
been demonstrated regardless of which technique is applied,109,110 
so surgeon preference and comfort level are acceptable reasons 
for choosing one method over another.

ALTERNATIVE VEIN SOURCES

The ipsilateral greater saphenous vein (GSV) remains the con-
duit of choice for infrainguinal arterial reconstructions. However, 
the ipsilateral GSV may be unusable or absent in as many as 20% 
to 40% of patients requiring surgical revascularization.115,116 In 
patients without adequate ipsilateral GSV, alternative vein sources 
include the contralateral GSV, the small saphenous vein, and the 
cephalic and basilic arm veins. Some groups advocate  preserving 
the  contralateral GSV and preferentially utilize upper-extremity 
veins as the most appealing ectopic autologous conduit,117 but 
the majority of vascular surgeons, the present authors included, 
favor the use of contralateral GSV in this setting, citing quite favor-
able patency and morbidity profiles.115 Regardless of the strategy 
employed, the quality of the vein conduit chosen is of paramount 
importance. Preoperative duplex ultrasound surveillance can be 
used to reliably assess the presence of available venous conduit, 
as well as the relative quality with regard to wall thickness, com-
pressibility, and diameter. The ultimate viability of the vein, 
however, is determined intraoperatively following cannulation 
and gentle  dilation with heparinized saline.118

In situations in which an adequate single length of vein necessary 
to achieve inline pulsatile flow to the ischemic limb is unavailable, 
composite grafts whereby shorter usable vein lengths are spliced 
together in an end-to-end fashion can be used. Graft patency and 
limb salvage rates of such composite grafts are reduced compared 
to results with single-segment saphenous vein but have historically 
been better than those of prosthetic grafts (see Reoperative Bypass 
Surgery).118 Cryopreserved cadaver vein allografts (CVG) remain 
a conduit of last resort, reserved for highly selective cases given 
their extremely poor patency rates in comparison to other conduit 
choices.119

PROSTHETIC BYPASS

As stated, it is recommended that infrainguinal bypass surgery 
be performed with saphenous vein or an autologous substitute 
whenever feasible, given the clearly demonstrated enhanced 
patency rates.100,120 Despite the ample published data supporting 
this  strategy, some institutions and surgeons more frequently rely 
on prosthetic grafts. When the distal target is the above-knee popli-
teal artery and the tibial outflow is relatively well preserved, this is 
an acceptable approach; patency rates in this situation approach 
those of vein grafts.121 A variety of surgical adjunctive procedures, 
from patching the distal anastomotic target vessel, to creation of 
a distal AVF, to use of various autogenous vein cuffs interposed 
between the distal prosthetic and the target artery have all been 
attempted as a means of improving patency rates of grafts extend-
ing below the knee.122 More recently, flared grafts designed to min-
imize turbulence and shear stress between the prosthetic and 
native vessel have gained some popularity. Polyester (Dacron) 
and PTFE grafts are the two main types of prosthetics available, 
and as in other anatomical positions, available data show gener-
ally equal results with either choice. The entire procedure is car-
ried out through two small proximal and distal incisions between 
which the graft is tunneled anatomically. The selection of a 6- or 
8-mm graft is dictated by the size of the native vessels.

REOPERATIVE BYPASS SURGERY

As the patient population treated by vascular surgeons has increased 
in age, and more and more challenging cases are accepted for 
 primary treatment, there has been a corresponding increase in the 
incidence of reoperative bypass surgery performed for  infrainguinal 

FIGURE 21-12 Intraoperative completion arteriogram of in situ 
femoropopliteal vein graft indicating retained valve, visualized as a 
filling defect in graft, and persistent arteriovenous fistula (AVF).
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arterial occlusive disease. Such reoperative procedures are par-
ticularly challenging, both because of the scarring present at the 
inflow and outflow target sites and because there is typically a lack 
of ipsilateral greater saphenous vein. Whenever possible, the first 
problem is addressed by choosing anastomotic sites just above or 
below the previous touchdown points, thereby avoiding  dissection 
through often densely scarred tissue planes. When ipsilateral greater 
 saphenous vein is absent due to prior infrainguinal or coronary 
artery bypass surgery or prior saphenous vein stripping, there are a 
number of alternative conduit sites available, as already mentioned. 
Chew et al. studied the consequence of using the  contralateral 
greater  saphenous vein in these situations and found it to be the 

 optimal conduit. Despite the presumably high incidence of con-
tralateral lower extremity as well as coronary occlusive disease 
in this population, short- and long-term impacts were found to be 
minimal.115

Use of arm veins, in general, can be extremely technically chal-
lenging and for that reason has not been universally adopted. 
Often the arm veins distal to the antecubital crease are scarred and 
of small caliber, but their more proximal counterparts are often of 
excellent size and quality. Dissection of the basilic vein can be 
particularly tedious because it has multiple side branches and 
lies adjacent to several important nerves. Because arm veins are 
often relatively short, a venovenostomy is often required to  create 
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FIGURE 21-13 In situ method of infrainguinal reconstruction. Saphenous vein is left undisturbed in its native bed, except at proximal and distal anastomotic 
sites—in this case, common femoral artery (CFA) and tibioperoneal trunk, respectively (A). Saphenofemoral junction is transected in groin, venotomy in femoral 
vein is oversewn, and proximal end of saphenous vein is spatulated in preparation for anastomosis (B). After first venous valve is excised under direct vision, graft is 
anastomosed end-to-side to femoral artery (C). Flow is then restored through vein graft, and valvulotome passed from distal end to lyse residual valves (D) before 
distal anastomosis is performed (E).
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composite grafts long enough to complete the arterial reconstruc-
tion (Fig. 21-14). This is performed with generous spatulation of 
each vein hood to create a widely patent vein-to-vein anastomosis. 
Given their thin-walled nature, arm vein grafts are also quite prone 
to twisting and kinking, and special care must be taken during the 
tunneling process to avoid these problems. The more proximal arm 
veins can be relatively large, and it is often advantageous to use 
one or more of the segments in a nonreversed fashion to better 
match the graft to the inflow vessel size.

Not surprisingly, the results of reoperative infrainguinal bypass 
surgery do not match those of primary reconstruction. With auto-
genous vein, 5-year patency rates of 60% and limb salvage rates 
of 70% to 80% have been reported.115,123 Coumadin is often used 
postoperatively in patients with compromised outflow or in whom 
the conduit was of marginal quality and has been associated with 
improved long-term patency.124

Post-Reconstruction Management
Many patients undergoing surgical reconstruction for  arterial 
insuffi ciency will require one or more adjunctive operative 
 procedures of their foot. Small uninfected ulcerations of the toe 

or foot often can be safely managed conservatively. However, 
larger gangrenous lesions of the toe, forefoot, or heel usually 
require débridement of all necrotic tissue at completion of the 
revascularization procedure. If the ischemia is particularly severe 
or infection is present, toe or transmetatarsal amputation may be 
necessary to achieve a margin of healthy tissue. This is particu-
larly important in patients with diabetes or end-stage renal disease, 
in whom persistent infection or necrosis can result in limb loss 
despite the  presence of a well-revascularized extremity. Wounds 
are usually left open and treated with saline wet-to-dry dressings or 
newer vacuum sponge dressings. Serial débridements on the ward 
or in the operating room are often necessary for larger wounds, 
which can then be  surgically closed after an interval healing 
period or allowed to slowly close via secondary intention.

Unless otherwise contraindicated, all patients are maintained 
indefinitely on an antiplatelet regimen with either aspirin or clop-
idogrel following surgical bypass. As stated earlier, in cases in 
which a graft is at increased risk of failure, such as in the redo 
setting or when compromised outflow or a marginal conduit 
was accepted, the antiplatelet agent may be supplemented with 
Coumadin.124 Aggressive risk factor modification in the form of 
smoking cessation, lipid reduction, exercise, blood pressure man-
agement, and diabetic blood sugar control is of further paramount 
importance in minimizing the risk of disease progression or recur-
rence.125 More immediately, aggressive rehabilitation maximizes 
the chances of and shortens the time to a return to full function 
after extensive reconstructive surgery.

Graft Failure and Surveillance
Postoperative graft failures are typically classified according to 
the time interval from surgery as early, intermediate, or late. Graft 
thrombosis occurring within 30 days, so-called early graft fail-
ures, are generally believed to be due to technical or judgment 
errors by the surgeon. Included in this list would be such techni-
cal errors as twists, kinks, incompletely lysed valves, or anastomotic 
defects, as well as judgment errors in using a poor-quality vein or 
 targeting an outflow vessel with inadequate runoff to support the 
graft. Intermediate graft failures include those between 30 days and 
2 years and are generally attributed to the proliferation of intimal 
hyperplasia at the anastomoses or prior valve sites within the graft 
(Fig. 21-15). Randomized trials are currently  underway to  determine 

A

B

C
FIGURE 21-14 Creation of a composite graft by venovenostomy. 
A widely spatulated venovenostomy is optimal (A). The posterior wall (B) and 
anterior wall (C) are aligned with separate strands of suture to avoid a “purse 
string” effect on the suture line.

FIGURE 21-15 Arteriogram demonstrating severe stenosis of distal 
graft from intimal hyperplasia, likely at prior valve site.
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the impact of genetic modulation of vein grafts on the develop-
ment of intimal hyperplasia, and hold some promise in reducing or 
minimizing this significant cause of vein graft failure.126 Late graft 
failures occurring beyond 2 years are typically due to progression 
of atherosclerotic occlusive disease within the inflow or outflow 
arteries.

Given the known incidence of graft failure and the potentially 
dire consequence in terms of limb salvage or preservation of limb 
function in a patient with limited options for secondary or tertiary 
bypass, the ability to maintain graft patency through early identi-
fication and prompt correction of graft stenoses is of paramount 
importance.127 Serial postoperative surveillance scanning with a 
duplex ultrasound has proved an excellent means of accurately 
identifying hemodynamically significant stenoses within the vein 
graft that threaten the graft patency.128 Subsequent confirmation by 
angiography and prophylactic treatment by percutaneous cutting 
balloon angioplasty, surgical patch angioplasty, or interposition 
grafting of significant lesions minimizes the risk of graft thrombo-
sis and ensures optimal long-term graft patency.
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C H A P T E R  22  Pathophysiology of Renal 
Artery Disease
Stephen C. Textor

Vascular disease affecting the renal arteries presents complex 
 challenges to clinicians. Thanks to recent advances in vascular 
imaging, more patients than ever before are being identified with 
some degree of atherosclerotic or fibromuscular  renovascular 
 disease. Many of these lesions are of minor hemodynamic 
 importance at the time of detection. Some reach a degree at 
which perfusion pressures and intrarenal hemodynamics are 
altered, leading to changes in blood pressure regulation and 
renal function. These can produce a variety of recognizable clini-
cal  syndromes  illustrated in Figure 22-1. These range from modest 
changes in  systemic arterial pressure to impaired volume control 
associated with congestive heart failure (CHF) to threatened via-
bility of the kidney, sometimes designated ischemic  nephropathy. 
Understanding the pathways by which renovascular disease affects 
cardiovascular and renal  disease is important for both diagnosis 
and for defining optimal management using tools both to block 
the renin-angiotensin  system and to restore the circulation.

Most renovascular lesions are the result of atherosclerosis. With 
the aging of the U.S. and other Western populations and reduced 
mortality from stroke and coronary disease, the prevalence of 
vascular disease in other vascular beds reaching clinically criti-
cal levels appears to be increasing.1 Understanding the variety of 
clinical manifestations of these lesions, the potential for disease 
progression, and the benefits and limitations of vascular repair 
are  essential for vascular medicine specialists. This chapter will 
examine the pathophysiology of renovascular lesions regarding 
blood pressure control, ischemic nephropathy, and clinical syn-
dromes such as flash pulmonary edema. Specific issues regarding 
 diagnostic  evaluation and management are addressed elsewhere 
(see Chapter 23).

A wide range of lesions can affect the renal blood supply, 
some of which are summarized in Box 22-1. Historically, rec-
ognition of renovascular disease resulted from searching for 
underlying causes of hypertension. This followed the seminal 
observations of Goldblatt more than 70 years ago2 that renal artery 
constriction produced a rise in arterial pressure in the dog. These 
studies were among the first to establish a primary role of the 
kidney in overall blood pressure regulation. Renovascular hyper-
tension produced by a “clipped” renal artery remains among the 
most widely studied experimental forms of angiotensin-depen-
dent hypertension.3,4

Epidemiology of Renal Artery Disease
Fibromuscular disease may be identified in 1% to 3% of normal 
kidney donors subjected to angiography before donor nephrec-
tomy.5 Of those developing clinical hypertension and referred for 
revascularization, more than 85% are females with a predilection 
for disease in the right renal artery.6 The location of these lesions is 
most commonly in the midportion and distal segments of the renal 

artery. A variety of fibromuscular lesions have been described, 
but the most common is medial fibroplasia. Occasionally, such 
lesions may be found in the carotid and other vascular beds, but 
most commonly they are limited to the renal arteries. Most do not 
 progress to impair renal function, although some lead to arterial 
dissection and/or thrombosis with loss of the kidney.

Atherosclerosis is the most common cause of renal artery 
 disease. Its presence and severity are related to age and the pres-
ence of other atherosclerotic disease of the descending aorta and 
lower extremities. Population-based series, such as one from North 
Carolina, indicate that among 834 subjects older than 65 years, 
 significant renal artery stenosis (RAS; defined as Doppler peak sys-
tolic velocity (PSV) above 1.8 m/s) can be identified in 6.8% of the 
general population, regardless of race.7 Recent series of carotid, 
coronary, and peripheral angiography indicate that the prevalence 
of  renovascular disease corresponds to overall  atherosclerotic bur-
den. Incidental renal artery occlusive disease (>50%  stenosis) has 
been reported in 11% to 18% of patients with coronary artery dis-
ease (CAD), particularly when significant hypertension is present.8 
Peripheral vascular and aortic disease is associated with higher 
prevalence (25%-33%). As expected, risk factors predicting the pres-
ence of RAS include smoking, hyperlipidemia,  hypertension, and 
diabetes. A corollary observation is that renovascular  hypertension 
resulting from these lesions is now most commonly  superimposed 
gradually upon preexisting essential hypertension. Hence, the 
blood  pressure response and “cure” rates after successful restoration 
of blood flows to the kidney are limited by  preexisting conditions.

Pathophysiological Consequences 
of Renovascular Disease
Under basal conditions, renal blood flow is among the highest of 
all organs. This feature reflects the kidney's filtration function, and 
less than 10% of delivered oxygen is sufficient to maintain renal 
metabolic needs. Importantly, a fall in renal blood flow is accom-
panied by decreased oxygen consumption, partly due to reduced 
metabolic demands of filtration and tubular solute reabsorption. 
Reduced renal blood flow can be sustained without measurable 
change in total kidney oxygen levels (as assessed by renal vein oxy-
gen tension),9 stimulation of erythropoietin release,10 or reduced 
medullary and cortical tissue oxygenation as measured in human 
subjects using blood oxygen level–dependent (BOLD) magnetic 
resonance (MR).11 These observations argue against an overall lack 
of oxygen as a primary stimulus for either hypertension or renal 
tissue injury and cast some doubt on the term  ischemic nephrop-
athy. Alternative terms proposed included azotemic  renovascular 
 disease and hypoperfusion injury.12 Nonetheless, severe vascular 
stenosis leading to diminished renal perfusion eventually does 
lead to renal tissue injury and interstitial fibrosis.

RENAL ARTERY DISEASE
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Subcritical Levels of Stenosis
The majority of renal artery lesions that compromise renal func-
tion are caused by gradually developing atherosclerosis of the renal 
vascular bed. As noted earlier, some patients undergoing cardiac 
catheterization have “incidental” renal lesions producing more than 
50% cross-sectional stenosis,13 for whom the presence of RAS is a 
strong independent predictor of mortality. Moreover,  nonobstructive 
RAS (20%-50% decrease in renal arterial luminal diameter) can be 
found in an additional 28% of patients undergoing cardiac catheter-
ization13 and 48% of patients undergoing aortography for periph-
eral vascular disease.14 A recent systematic analysis of these reports 
including more than 15,000 subjects confirmed this overall range 
of disease prevalence and the rise with increasing atherosclerotic 
burden.8 Although lesions producing less than 50% in arterial lumi-
nal diameter are not considered hemodynamically significant, the 
relationships between resting pressure gradients and angiographic 
degree of stenosis are curvilinear and only approximate at best. As a 
predictor of mortality, even low-grade atherosclerotic lesions denote 
a hazard nearly equal to more advanced disease.15 Estimating sever-
ity of vascular occlusion from angiographic images is notoriously 
unreliable. It should be emphasized that activation of pressor mech-
anisms depends upon the presence of a pressure gradient between 
the aorta and distal renal vasculature16 (Fig. 22-2). There is a gen-
eral relationship between estimated diameter  stenosis and peak 

 translesional  pressure  gradients, but the relationship is not linear. 
In some instances, an abrupt fall in poststenotic pressure develops 
beyond a subcritical range of stenosis.17 Even moderate stenosis, 
especially when superimposed on intrarenal microvascular dis-
ease, may contribute to adverse renal outcomes. Kidneys with a 
baseline renal artery disease classification of less than 60% stenosis 
have 11.7% 2-year cumulative incidence of renal atrophy (defined 
radiologically as a loss of kidney size)18 and 28% cumulative inci-
dence of renal artery disease progression, although progression to 
total renal artery occlusion is uncommon.19 Increased severity of 
RAS in patients undergoing cardiac catheterization has an adverse 
effect on survival, with the 4-year adjusted survival for patients with 
a 50% stenosis decreasing to 70%, compared to 89% in patients 
without RAS.20 Therefore, even relatively minor stenosis in the renal 
artery might have long-term functional implications, especially in 
the presence of additional risk factors or coexisting renal disease.

RENAL MICROVASCULAR DISEASE

Lesions in the main renal artery may be superimposed upon or con-
fused with other causes for ischemic renal injury. Intrarenal vascular 
lesions are commonly observed in the course of various nephropa-
thies, many of which have an ischemic component.21 Risk factors 
including diabetes, hypertension, atherosclerosis, and aging elicit 
vasoconstriction or structural changes leading to intrarenal small-
vessel disease and ischemic injury similar to that observed in large-
vessel disease. Loss of microvessels and impaired capillary repair 
correlate with development of glomerular and tubulointerstitial 
scarring,22,23 and may lead to end-stage renal failure. Renal microvas-
cular disease distal to a stenosis in the renal artery may perpetu-
ate and exacerbate renal parenchymal injury and may blunt renal 
recovery. The presence of small microvessel injury is difficult to 
verify but may account for changes in diastolic blood flow such as 
that producing changes in renal resistance index. Elevations of renal 
resistance index have been proposed to predict poor outcomes in 
many renal diseases, including renovascular disease.24

Critical Renal Artery Stenosis
High-grade vascular stenosis eventually leads to a decrease in renal 
perfusion pressure. Critical stenosis is identified when it produces 
a fall in renal blood flow and glomerular filtration rate (GFR). 
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FIGURE 22-2 Relationship between developed pressure gradient 
between aorta (Pa) and distal renal artery (Pd) and activation of renin-
angiotensin system in humans. Progressive gradients were developed by 
expanding a catheter balloon. Data indicate that activation of renal venous renin 
activity from stenotic kidney (closed circles), nonstenotic kidney (open circles), and 
aorta (closed squares) occurred only after a translesional gradient between 10 
and 20 mmHg was created. Such a gradient usually requires advanced occlusive 
disease, usually more than 70% lumen occlusion. (Reproduced with permission 
from De Bruyne B, Manoharan G, Pijls NH, et al: Assessment of renal artery stenosis 

severity by pressure gradient measurements. J Am Coll Cardiol 48:1851–1855, 2006.)16

Syndromes of Renovascular Disease

Asymptomatic
"Incidental RAS"

Renovascular hypertension

Accelerated CV disease
CHF
Stroke
Secondary aldosteronism

Ischemic nephropathy

RAS

FIGURE 22-1 Renal artery stenosis (RAS) produces a broad range of 
manifestations, ranging from “incidental” disease with no hemodynamic 
effect to deteriorating kidney function and accelerating cardiovascular 
morbidity. CHF, congestive heart failure; CV, cardiovascular. (Modified with permission 
from Garovic V, Textor SC: Renovascular hypertension and ischemic nephropathy. Circulation 
112:1362–1374, 2005.)89

Unilateral Disease (Analogous to Two-Kidney,  
One-Clip [2K1C] Hypertension)
Unilateral atherosclerotic renal artery stenosis (RAS)
Unilateral fibromuscular dysplasia (FMD)

Medial fibroplasia
Perimedial fibroplasia
Intimal fibroplasia
Medial hyperplasia

Renal artery aneurysm
Arterial embolus
Arteriovenous fistula (AVF)(congenital/traumatic)
Segmental arterial occlusion (posttraumatic)
Extrinsic compression of renal artery (e.g., pheochromocytoma)
Renal compression (e.g., metastatic tumor)

Bilateral Disease or Solitary Functioning Kidney 
(Analogous to One-Kidney, One-Clip [1K1C] Model)
Stenosis to a solitary functioning kidney
Bilateral RAS
Aortic coarctation
Systemic vasculitis (e.g., Takayasu's arteritis, polyarteritis)
Atheroembolic disease
Vascular occlusion due to endovascular aortic stent graft

Box 22-1  Vascular Lesions That Produce Renal 
Hypoperfusion and Renovascular 
Hypertension Syndrome
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During experimental renal artery occlusion, the kidney sustains 
autoregulation of blood flow through a range of perfusion pressures 
from 200 mmHg to approximately 80 mmHg. Mechanisms underly-
ing autoregulation include myogenic responses to changes in wall 
tension, release of vasoactive substances, and the tubuloglomeru-
lar feedback. The latter responds to decreased renal perfusion pres-
sure and salt delivery by decreasing vascular resistance distal to the 
obstruction. In addition, during a fall in renal perfusion pressure, 
the kidney activates multiple pathways that elevate systemic blood 
pressure, an effect that tends to restore renal perfusion pressure 
and sustain renal blood flow at the expense of arterial hyperten-
sion (Fig. 22-3). Consequently, as long as systemic arterial pressure is 
allowed to rise, a fall in renal blood flow does not occur until renal 
arterial diameter is reduced by 65% to 75%. Recent clinical stud-
ies suggest that noninvasive radiological imaging commonly over-
states the degree of stenosis. Measurement of physiological stimuli, 
such as the release of renin, indicate that a translesion gradient of 
at least 10% to 20% reduction is necessary for biological responses 
to occur in humans.16 To achieve such a gradient,  luminal occlu-
sion may need to exceed 80% stenosis. Under some conditions, gra-
dients above 20 mmHg that develop  during  intrarenal hyperemic 
challenge with dopamine may  disclose hemodynamic significance 
of lesions under 60% in severity.25

When renal perfusion pressure falls gradually, additional mech-
anisms are recruited that protect the kidney from the functional 
and morphological consequences observed after acute ischemic 
injury. These include development of collateral vessels and redis-
tribution of intrarenal blood flow from the cortex to the medulla. 
Renal cortical blood flow autoregulates more efficiently than 
the outer medulla, which is continuously on the verge of anoxia. 
During chronic reduction of renal blood flow, medullary perfusion 
and oxygenation are relatively maintained by adaptive mecha-
nisms at the expense of cortical blood flow.26 When poststenotic 
renal artery pressures eventually fall further, either due to progres-
sive vascular occlusion or reduction of systemic blood pressures 
by drug therapy, renal volume decreases.

In clinical terms, renal atrophy can be defined as a loss of renal 
length by at least 1 centimeter, and a difference in size between 
the two kidneys is suggestive of unilateral RAS (or a higher grade of 
stenosis in one of the kidneys). A decrease in renal volume results 
from a decrease in filling pressure, filtrate, and blood content of 
the kidney, as well as structural atrophy of the renal tubules due 
to apoptosis and necrosis. Apoptosis is an active, pre-programmed 

form of cell death that is intricately regulated and distinct from 
cellular necrosis and likely serves as a protective mechanism to 
allow renal “hibernation.” These changes may be reversible, since 
 tubular cells show vigorous potential for regeneration. Loss of intra-
renal microvessels that accompanies the ongoing scarring process 
may also contribute to renal shrinkage27 (Fig. 22-4), but might be 
partly reversible upon enhancement of angiogenic signaling.28 
However, if a blood flow deficit persists, permanent damage to the 
kidney may occur. As mentioned, decreased renal blood flow is 
often accompanied by a decline in GFR and inhibition of tubu-
lar  epithelial transport that limit renal oxygen consumption and 
maintain oxygen saturation. Hence, the kidney does not actually 
develop “ischemia” until an extreme decrease in renal blood flow 
develops.

RENOVASCULAR HYPERTENSION

Goldblatt et al and Loesch were the first to show in the 1930s 
that obstruction of the renal artery is followed by an increase 
in systemic blood pressure.2,29 The characteristics of renovas-
cular hypertension depend to a large extent on the status of the 
 kidneys. Unilateral RAS may be present with an intact contralat-
eral renal artery (the experimental form is termed two-kidney, one-
clip, or 2K1C). This model is characterized by counterregulatory 
 processes in the contralateral kidney leading to sodium  excretion 
in response to elevated arterial pressure (pressure natriuresis; 
Fig. 22-5A-B). Alternatively, RAS may affect a solitary kidney (one-
kidney, one-clip, or 1K1C; Fig. 22-6 A-B). Bilateral RAS and 1K1C lead 
to more severe renovascular hypertension, although bilateral RAS 
may behave similarly to 2K1C if one kidney is significantly less 
ischemic than the other. Patients with this constellation of findings 
have higher mortality, are more prone to circulatory congestion,  
and are more likely to experience deterioration of kidney  function 
during administration of antihypertensive agents, including angio-
tensin-converting enzyme (ACE) inhibitors or angiotensin II (Ang II) 
receptor blockers (ARBs).

The exact mechanisms responsible for renovascular hyperten-
sion have long been debated. The immediate increase in blood 
pressure in RAS results from release of renin from the stenotic 
 kidney. This leads to increased formation of Ang II, which 
increases peripheral vascular resistance, plasma aldosterone, 
sodium retention, extracellular volume, and cardiac output 
(Fig. 22-7). Early studies using ACE inhibitors30 and more recent 
studies in an AT1A receptor knockout mouse model of 2K1C 
confirm the essential role of Ang II in mediating Goldblatt 
hypertension during its initial phase.31 Experiments with kid-
ney transplantation in these knockout strains indicate that both 
renal and extrarenal angiotensin receptors participate in reg-
ulation of blood pressure.4 Blockade of angiotensin action in 
experimental models prevents the initial series of events and 
delays the development of renovascular hypertension indefi-
nitely. Activation of the sympathetic nervous system also plays 
an important role in the pathogenesis of renovascular hyperten-
sion32 primarily via the renal afferent nerves. Both the  peripheral 
and central aspects of the autonomic system are also under the 
influence of Ang II. If the increase in pressure restores renal 
 perfusion pressure distal to the stenosis, most of these altera-
tions return to baseline levels, with the exception of peripheral 
vascular resistance.

After the initial rise in activity from the renin-angiotensin sys-
tem, maintenance of renovascular hypertension in 1K1C mod-
els depends mainly on volume expansion. In 2K1C, the interplay 
between plasma renin activity and extracellular volume is more 
complex. The contralateral kidney responds to the elevated 
systemic pressure by increasing sodium excretion (pressure 
 natriuresis), an effect that tends to drive blood pressure down 
and decrease perfusion pressure of the stenotic kidney. This effect 
again leads to an increase in renin release, which in turn elevates 
 systemic blood pressure, and so forth. In high-grade RAS, this cycle 
of events may induce extracellular volume depletion and renal 
failure. Although these features are consistently demonstrated in 
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FIGURE 22-3 Development of arterial hypertension after placement of 
renal artery clip lesion in conscious rat aortic coarctation model. Poststenotic 
pressures (iliac artery) rise to near-baseline levels at the expense of systemic 
arterial pressures (carotid). Despite significant pressure gradient, renal perfusion 
is maintained. Reduction of systemic pressures, however, lowers renal perfusion 
and activates pressor systems, including renin-angiotensin system (see text). 
(Reproduced with permission from Textor SC, Smith-Powell L: Post-stenotic arterial 
pressure, renal haemodynamics and sodium excretion during graded pressure reduction 
in conscious rats with one- and two-kidney coarctation hypertension. J Hypertens 
6:311–319, 1988.)90
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 experimental models, human renovascular hypertension freque-
ntly has elements of both 1 K and 2 K pathophysiology, particularly 
when the function of the contralateral kidney is compromised.

It is important to recognize that activation of the systemic 
renin-angiotensin system is temporary in renovascular hyper-
tension. After a period of time, circulating levels of plasma 
renin activity and angiotensin fall despite sustained elevation 
of peripheral vascular resistance. This may be the result of both 
(1) a slow response to Ang II, through which low levels of angio-
tensin have pressor actions, and (2) recruitment of additional 
mechanisms of vasoconstriction. The latter include activation 
of vasoconstrictor lipoxygenase products, oxidative stress, and 
endothelin. Additional rise in pressure results from an imbalance 
between vasoconstrictors and vasodilators, such as that derived 
from decreased bioavailability of nitric oxide (NO). An impor-
tant role is ascribed to dissociation between systemic blood pres-
sure, extracellular volume, and inappropriate levels of  Ang II.33 
The complexity of these relationships partly explains the fail-
ure of measuring any single pathway to predict blood pressure 
responses to renal revascularization.34

ACCELERATED HYPERTENSION 
AND PULMONARY EDEMA

Series of patients referred for renal revascularization in the last 
decade have included older patients with more widespread 
atherosclerotic disease than ever before.35,36 This reflects both 
improved medical care leading to better blood pressure con-
trol and reduced mortality from coronary and cerebrovascular 
disease. Patient demographics commonly include more women 
than men and a high prevalence of coronary disease, CHF, and 

known cerebrovascular disease. In some cases, suspicion  
arises regarding RAS because of rapid acceleration of these pro-
cesses, particularly the rapid rise in arterial pressure in a  previously 
stable patient. When untreated, a cycle of malignant-phase hyper-
tension and hyponatremia (attributed to the dipsogenic action of 
Ang II) may ensue. In other cases, presenting symptoms include 
recent progression of hypertension followed by neurological 
symptoms of an acute stroke.

Some patients develop cycles of worsening CHF out of pro-
portion to left ventricular (LV) dysfunction. This sometimes 
has been designated flash pulmonary edema.37 Many of these 
patients have bilateral disease or stenosis to a solitary function-
ing kidney. When volume expanded, renal function may improve 
slightly at the price of hypertension and circulatory congestion. 
Sudden pulmonary edema partly reflects diastolic dysfunction 
precipitated by a rapid rise in afterload38 in addition to impaired 
sodium excretion as a result of renal hypoperfusion. During 
volume depletion, serum creatinine commonly rises with evi-
dence of prerenal azotemia. This condition warrants recognition 
because several series indicate that cycles of symptomatic exac-
erbation and hospitalization can be improved with successful 
renal revascularization.39,40

RENAL HYPOPERFUSION INJURY: ISCHEMIC 
NEPHROPATHY

The precise mechanisms responsible for irreversible renal scar-
ring in so-called ischemic nephropathy in the absence of true 
ischemia have not been fully elucidated. They are likely related 
to interaction among several systems activated in the kidney, 
the most prominent of which is the renin-angiotensin system.
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FIGURE 22-4 Microcomputed tomography imaging of vascular structures in kidney cortex and medulla in a swine model. A, Normal vascular density. 
B, Microvascular (MV) proliferation observed after cholesterol feeding. C, MV rarefaction and interstitial fibrosis observed beyond a high-grade renal artery stenosis 
(RAS). (Reproduced with permission from Lerman LO, Chade AR: Angiogenesis in the kidney: a new therapeutic target? Curr Opin Nephrol Hypertens 18:160–165, 2009.)91



289

CH 
22

PAT
H

o
PH

y
SIo

lo
g

y
 o

F R
En

A
l A

RT
ERy

 D
ISEA

SE

Renal Vasoactive Hormonal Systems
ANGIOTENSIN II

Renal hypoperfusion is accompanied by activation of the renin-
angiotensin system, a mechanism normally designed to regu-
late volume homeostasis and maintain GFR during a transient 

decrease in renal perfusion pressure. Angiotensin II maintains glo-
merular capillary pressure and GFR by way of its predominant 
vasoconstrictor effect on the efferent arteriole. The importance 
of Ang II for preserving GFR is most evident under conditions of 
reduced preglomerular arterial pressures, particularly under con-
ditions of volume depletion.41 This feature underlies the fall in 

A

Unilateral Renal Artery Stenosis

Reduced renal perfusion

Ang II-dependent hypertension

↑ Renin-angiotensin system (RAS)
↑ Renin
↑ Ang II
↑ Aldosterone

Effect of blockade of RAS
Reduced arterial pressure

Enhanced lateralization of diagnostic tests
GFR in stenotic kidney may fall

Increased renal perfusion

Suppressed RAS Increased Na+ excretion
(pressure natriuresis)

Diagnostic tests
Plasma renin activity elevated

Lateralized features (e.g., renin levels in renal veins, captopril-enhanced renography)
B

FIGURE 22-5 A, Angiogram of unilateral renal arterial stenosis with well-preserved vascular supply to contralateral kidney. B, Schematic illustrating pathophysiology 
of unilateral renovascular hypertension (two-kidney, one-clip [2K1C]). Stenotic kidney responds to reduced perfusion with activation of renin-angiotensin system, 
producing widespread effects that include rise in arterial pressure. Elevated pressures subject nonstenotic kidney to so-called pressure natriuresis, leading to 
asymmetrical sodium excretion, fall in blood pressure, and continued stimuli to stenotic kidney. Such asymmetry is the basis for diagnostic testing such as captopril 
renography and renal vein renin measurements. Ang, angiotension; GFR, glomerular filtration rate.
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GFR sometimes observed following administration of ACE inhibi-
tors to patients with RAS, particularly when the entire renal mass 
is affected.

Angiotensin II effects in the kidney include induction of 
cell hypertrophy and hyperplasia, and stimulation of hormone 
 synthesis and ion transport. It also seems to contribute to the 
pathogenesis of renal fibrosis by recruiting bone marrow–derived 
fibrocytes, circulating cells that contribute to the  pathogenesis of 

fibrotic diseases.42 Its renal actions are mediated primarily through 
AT1 receptors expressed on endothelial, epithelial, and vascular 
smooth muscle cells (VSMCs). Chronic activation of AT1 recep-
tors in renal ischemic injury may elicit local inflammatory and 
fibrogenic responses. Angiotensin II has been implicated in stimu-
lation of  vascular smooth muscle and mesangial cell growth, plate-
let aggregation, generation of superoxide, activation of adhesion 
molecules and macrophages, infiltration of inflammatory cells, 

Bilateral Renal Artery Stenosis

Reduced renal perfusion

Inhibit RAS

↑ Renin-angiotensin system (RAS)
↑ Renin
↑ Ang II
↑ Aldosterone

Effect of blockade of RAS
Reduced arterial pressure only after volume depletion

May lower GFR

Bilateral

Normal or low Ang II

Stenosis of solitary kidney

Impaired Na+ and water
excretion

Volume expansion

Increased arterial pressure

Diagnostic tests
Plasma renin activity normal or low

Lateralized features: None
B

A

FIGURE 22-6 A, Angiogram illustrating renal artery stenosis affecting entire renal mass, in this case a solitary functioning kidney. Contralateral kidney is occluded. 
B, Schematic illustrating pathophysiology of renovascular hypertension in which stenosis affects entire renal mass. In the absence of a normal contralateral kidney, 
sodium retention occurs, and hypertension is heavily dependent upon volume mechanisms. Ang, angiotension; GFR, glomerular filtration rate.
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increased expression of extracellular matrix (ECM) proteins, and 
induction of proto-oncogenes.

The intrarenal effects of Ang II during renal ischemia are mod-
ulated by interactions with other humoral systems (Fig. 22-8). 
Vasodilator prostaglandins (PGs) attenuate vasoconstriction 
caused by Ang II and may limit ischemia due to elevated levels 
of this hormone.43 Nitric oxide negates many actions of Ang II, 
modulates the effects of Ang II on the afferent arteriole and the 
proximal tubule, and down-regulates ACE and AT1 gene expres-
sion.44 On the other hand, endothelin-1 (ET-1) regulates renal ACE 
expression, mediates some of the vascular effects of Ang II and 
amplifies its pressor effects, and activates a similar signal trans-
duction pathway for growth- and differentiation-related genes. 
Thromboxane A2, TxA2, a vasoconstrictor metabolite of arachi-
donic acid, is also released within the kidney by Ang II and medi-
ates much of the pressor and renal hemodynamic responses to 
Ang II.45

Therefore, Ang II is involved in short-term renal adaptive 
response to ischemia, but long-term activation of the renin- 
angiotensin system and its interaction with other humoral systems 
can lead to progressive destruction of renal tissue.

NITRIC OXIDE

Nitric oxide is synthesized from l-arginine within the kidney by 
a family of nitric oxide synthases (NOS) and plays a crucial role 
in the regulation of renal hemodynamics and excretory function. 
Differential expression, localization, and regulation of three iso-
forms of NOS expressed in the kidney—neuronal (nNOS), induc-
ible (iNOS), and endothelial (eNOS)—contribute to diverse 
intrarenal actions.46 Consequently, NO reduces vascular tone, 
increases sodium excretion, modulates tubuloglomerular feed-
back, has antithrombotic protection, inhibits growth-related 
responses to injury, and modulates the aforementioned renal 
actions of Ang II. Nitric oxide further buffers many processes 
implicated in the pathogenesis of tissue injury in renovascular 
disease, including growth of (VSMCs), mesangial cell hypertro-
phy and hyperplasia, and synthesis of ECM. However, regulation 
of renal blood flow becomes less dependent on eNOS-derived 
NO and more dependent on PGs as RAS progresses47 because of 

a decrease in renal perfusion pressure and vascular shear stress 
 distal to the stenosis, which are primary stimuli to eNOS. On the 
other hand, the contralateral kidney continues to rely on NO to 
negate the actions of Ang II.48

The role of NO in renal tissue ischemia is complex, however. 
The iNOS isoform is up-regulated during renal ischemia49 and 
generates NO that can be cytotoxic to renal epithelial cells and 
contributes to tubular injury, both by decreasing activity of the 
eNOS isoform and by formation of the oxidant peroxynitrite.

ENDOTHELINS

The endothelin peptides comprise a family of peptides produced 
and released from endothelial cells (ECs), which have potent and 
long-lasting vasoconstrictor effects on the renal microcirculation 
and modify tubular function. Endothelin release can be stimu-
lated by Ang II, thrombin, transforming growth factor (TGF)-β, and 
other cytokines (e.g., tumor necrosis factor [TNF]-α, interleukin 
[IL]-1β). Tissue levels of ET-1 are increased in the stenotic kid-
ney,50 and in fact in most forms of renal failure, and may persist 
for days after resolution of the initial injury. Its involvement in 
renal ischemic injury is underscored by the observation that ET-1 
blockade is more efficient in improving the early course of post-
ischemic renal injury than inhibition of Ang II.51 Chronic block-
ade of the endothelin-A receptor directly inhibits cellular growth 
and gene expression, and in ischemic acute renal failure provides 
long-term functional and morphological benefits. These effects 
are greater than those observed during simultaneous blockade 
of both the A and B receptor,52 likely because of the role of the 
latter in eliminating salt, although the endothelin-B receptor has 
also been implicated in inflammation and fibrosis in  progressive 
renal injury.53

PROSTAGLANDINS

Prostaglandins are cyclooxygenase (COX) derivatives of arachi-
donic acid that have important roles in maintaining renal blood 
flow and glomerular filtration. Biosynthesis of vasodilator PGs 
like prostacyclin (PGI2) and prostaglandin E2 protects the kid-
ney against the effects of prolonged ischemia and Ang II43 

Angiotensinogen

Ang I
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Vascular effects
• Hypertrophy
• Remodeling
• Endothelin release
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• Oxidative stress

Myocardial effects
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• LV remodeling
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FIGURE 22-7 Actions of angiotensin II (Ang II) in generation of renovascular hypertension. In addition to direct effects on vascular tone and sodium 
homeostasis, Ang II modulates and induces vasoconstriction by several independent mechanisms, including oxidative stress. Induction of “slow pressor” responses 
are associated with reduction of circulating levels of plasma renin activity and loss of demonstrable pressure dependence upon Ang II (see text). ACE, angiotensin-
converting enzyme; Ang, angiotensin; LV, left ventricular; PF, prostaglandin. 
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and  prevents hypoxic tissue injury. In RAS, they selectively pre-
vent preglomerular constriction and thus limit a fall in GFR in the 
stenotic kidney,54 potentially through regulatory interactions with 
NO. Conversely, TxA2 is an endothelium-derived vasoconstrictor 
PG that is up-regulated in kidneys with renovascular disease.55 It 
is released within the kidney by reactive oxygen species (ROS) 
or Ang II, modulates some of the deleterious effects of Ang II and 
ET-1, and contributes to kidney  disease. Blockade of TxA2 recep-
tors thus improves urine volume, GFR, and renal plasma flow in 
ischemic kidneys and exerts a variety of beneficial effects that 
reduce the severity of ischemic damage. Furthermore, vascular 
expression of COX-2 is up-regulated in kidneys with arterial steno-
sis,56 and COX-2-derived prostaglandin I2 regulates renin release 
and renovascular hypertension in severe and moderate RAS.

Oxidative Stress
A growing body of evidence implicates increased generation 
of reactive radical species in the mechanisms of renal injury in 
renovascular disease.3,57 Angiotensin II is a potent stimulus for 
superoxide production via the membrane NADH/NADPH oxi-
dase system, and xanthine oxidase is an important source of 
oxygen free radicals during renal ischemia. Increased oxidative 
stress can promote formation of a variety of vasoactive media-
tors including ET-1, leukotrienes, and prostaglandin F

2α isopros-
tanes, endogenous products of lipid peroxidation. In addition, a 
chemical reaction between superoxide anion and NO not only 
decreases bioavailability of NO but also leads to production of 
toxic species (e.g.,  peroxynitrite [ONOO−]). Functionally, ROS 

have been implicated in decreasing stenotic kidney blood flow 
and sustaining renovascular hypertension.58,59

Furthermore, oxidative stress contributes to progressive tissue 
damage in the stenotic kidney. In mesangial cells, superoxide pro-
motes hypertrophy and ECM production by both interaction with 
NO and by acting as an intracellular signal for growth-related 
responses, which may lead to microvascular and tissue remodel-
ing.60 In addition, ROS are implicated in the pathogenesis of isch-
emic renal injury by causing lipid peroxidation of cell and organelle 
membranes and disrupting the structural integrity and capacity for 
cell transport and energy production, especially in the proximal 
tubule. Activation of growth factors and cytokines like nuclear fac-
tor (NF)-κB61 may also play an important role in the mechanism of 
action of Ang II and ROS. Studies in humans confirm that oxidative 
stress contributes to the impairment in endothelium-dependent 
vasodilation observed in patients with renovascular hypertension, 
which can be reversed with successful renal revascularization.62

The fibrogenic factors TGF-β, tissue inhibitor of matrix metallo-
proteinases (TIMP)-1, and plasminogen activator inhibitor (PAI)-1, 
which are up-regulated in stenotic kidneys,61 are important medi-
ators of ECM synthesis that characterizes progression of renal tis-
sue injury. Early induction of TGF-β via the AT1 receptor plays a 
major role in tissue fibrosis63 by increasing type IV collagen depo-
sition and may play a role in interstitial scarring observed in 
chronic renal injury characterized by increased activity of intra-
renal Ang II.64 It interacts with endothelin and several growth fac-
tors and cytokines in promoting progressive interstitial fibrosis, 
primarily via its downstream effectors from the Smad family, but 
also participates in postischemic renal healing.
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FIGURE 22-8 Proposed pathways by which renal hypoperfusion activates fibrogenic mechanisms within kidney and ultimately produce irreversible 
parenchymal injury and interstitial fibrosis. Both intermittent local ischemia (left) and vasoconstrictor-mediated cytokine-mediated pathways (right) participate in 
this process. Ang, angiotensin; ATP, adenosine triphosphate; IL-1, interleukin 1; NO, nitric oxide; NF-κB, nuclear factor kappa B; PAI-1, plasminogen activator inhibitor 1; PG, 
prostaglandin; RAS, renal artery stenosis; TGF-b, transforming growth factor beta; TNF, tumor necrosis factor. (Modified with permission from Lerman L, Textor SC: Pathophysiology 
of ischemic nephropathy. Urol Clin North Am 28:793–803, 2001.)92
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Tubular Cells
Acute ischemic renal failure is characterized by a rapid decline in 
adenosine triphosphate (ATP) that leads to secondary cascades 
of cellular injury, including increases in intracellular calcium, 
activation of phospholipases, and generation of oxygen radicals, 
which cause significant surface membrane damage.65 The sus-
ceptible proximal tubule cells are primarily responsible for the 
pathophysiological and clinical aspects of ischemic acute renal 
failure. Of central importance is disruption and dissociation of the 
actin cytoskeleton and associated surface membrane structures 
that occur rapidly and are dependent on the severity and duration 
of ischemic injury.66 These alterations may be secondary to acti-
vation and relocation of the actin-associated protein actin depo-
lymerizing factor/cofilin and β1-integrin to the apical membrane. 
Adenosine triphosphate depletion also induces necrotic cell 
death67 by opening a plasma membrane “death channel” normally 
kept closed in ischemic tissue by tissue glycine and decreased 
pH. The epithelial brush border may disappear in association 
with apical membrane blebbing, interruption of cell-to-cell junc-
tions, and subsequently epithelial desquamation. Detachment of 
tubule cells and microvilli contributes to backleak of glomerular 
filtrate and formation of intraluminal aggregations of exfoliated 
cells, proteins, and glycoproteins (GPs) such as fibronectin (FN), 
resulting in tubular obstruction. The functional ramifications of 
these changes are substantial in terms of tubular reabsorption, 
function of the intercellular tight junction, impaired cell substrate 
adhesion, and integral  membrane protein function.

Tubulointerstitial Injury
In patients with atherosclerotic RAS, the severity of pathological 
tissue damage is an important determinant and predictor of renal 
functional outcome.68 The earliest and most prominent patholog-
ical feature in renal ischemia is tubulointerstitial injury, which is 
considered to be the best prognostic factor in all nephropathies 
and may subsequently contribute to development of hyperten-
sion. The early phase of tubulointerstitial injury involves cellular 
activation, migration of mononuclear cells into the interstitium, 
leukocyte-endothelial interactions, and release of inflammatory 
products by myofibroblasts/activated fibroblasts. Altered anti-
genic profile of the tubular epithelium may initiate a cell-mediated 
immune response and be accompanied by interstitial inflamma-
tory infiltrates composed of B lymphocytes, T-helper lymphocytes, 
and macrophages.69 Subsequently, immunosuppressive regulatory 
T cells (Tregs) promote repair during the healing process, possibly 
by regulating proinflammatory cytokine production of other T-cell 
subsets.70 Although the tubular lesions are initially reversible, tubu-
lointerstitial injury may lead to irreversible fibrosis. A plethora of 
fibrogenic factors have been implicated in development of renal 
fibrosis following ischemic injury, such as TGF-β1, PAI-1, TIMP-1,  
α-1(IV) collagen, fibronectin-EIIIA (FN-EIIIA), tissue transglutamin-
ase,71 and others, which may increase synthesis of ECM. Recent 
evidence suggests that in the context of atherosclerosis, matrix 
degradation is also impaired so that the overall matrix turnover 
balance favors fibrosis.

Glomerulosclerosis
In human atherosclerotic RAS, glomerulosclerosis is a relatively 
late sequela and is exacerbated by long duration, preexisting renal 
injury, and comorbid clinical conditions. In experimental models 
of chronic moderate RAS, glomerular lesions are initially minimal. 
Ischemia may elicit global or focal segmental glomerulosclero-
sis, manifested as segmental collapse or sclerosis, with or without 
reactive podocyte hypertrophy and proliferation. Initiation of glo-
merular cell apoptosis, thickening of the basement membrane, 
and expansion of the mesangial ECM involve progression of glo-
merulosclerosis.72 Presence of glomeruli that are not connected 
to normal tubule segments correlates with the  concomitant 
decrease in GFR.

Cellular Death and Repair
Reactive oxygen species produced in renal proximal tubule epi-
thelium under conditions of ischemia/reperfusion or hypoxia/
reoxygenation are partly responsible for the apoptotic death of 
these cells.73 This process is partly mitigated by autophagy, a pro-
cess of degradation and recycling of cytoplasmic constituents that 
may either contribute to cell death or ameliorate further  cellular 
damage. During hypoxic and ischemic renal injury, autophagy 
seems to provide a protective mechanism and enhance cell 
survival.74

Despite various defense mechanisms that are activated dur-
ing an ischemic insult, cell loss by apoptosis or necrosis does 
occur when renal hypoxia is severe. For reconstitution of its func-
tion, successful repair of the kidney requires rapid replacement 
of injured cells.75 Cell loss during kidney injury is followed by 
dedifferentiation and proliferation of adjacent surviving tubular 
cells, which are the chief contributors to tubular repair, and to a 
lesser degree interstitial kidney stem cells are stimulated to divide, 
migrate, and undergo phenotypical changes that allow them to 
replace lost cells. Bone marrow–derived cells likely contribute 
relatively little to this process.76 Nevertheless, exogenous adminis-
tration of progenitor cells has been shown to improve renal func-
tion and attenuate renal damage in the chronic RAS in swine28,77 
and ischemia/reperfusion injury in mice,78 suggesting a potential 
therapeutic utility for this experimental approach to preserve the 
ischemic kidney.

Renal Artery Disease and Mortality

Role of Disease Progression
Follow-up studies of patients with incidentally identified renal 
artery disease20 indicate that RAS independently predicts subse-
quent mortality. Rarely is this risk due to progressive renal disease 
alone, but more commonly to associated cardiovascular events. 
Mortality is remarkably similar in those treated with either medical 
management or renal revascularization.79–81 Data from recent pro-
spective randomized trials with atherosclerotic RAS indicate that 
progression of renal dysfunction is relatively uncommon.82 Death 
is most commonly related to cardiovascular events, and only infre-
quently is progressive renal failure the primary cause of death.79,81 
Some authors suggest that atherosclerotic disease affecting the 
kidney is a general marker of the degree of atherosclerotic bur-
den. Others argue that renovascular disease augments these condi-
tions and directly accelerates cardiovascular mortality.83 Available 
data do not support a direct role for renal revascularization to 
improve overall survival,84 although observational series indicate 
that patients experiencing an improvement in GFR after successful 
revascularization do in fact have reduced cardiovascular mortality 
over several years of follow-up.85,86

Survival is reduced in patients with bilateral renal artery disease 
or stenosis to a solitary functioning kidney. Prospective studies 
using Doppler ultrasound indicate that atherosclerotic lesions can 
progress in severity over periods of 3 to 5 years.87 Risks of progres-
sion are related to initial severity of the stenotic lesion and systolic 
blood pressure levels. It must be emphasized that clinical mani-
festations of renal artery disease within an individual patient may 
change over time. It is important that clinicians identify these tran-
sitions to consider interventions timed to when they are most likely 
to be effective.88

Specific decisions regarding management of patients with reno-
vascular disease depend heavily upon recognizing the clinical 
syndromes developing as a result of these lesions. As with many 
other forms of peripheral vascular disease, the opportunity to 
benefit patients is greatest in those with overt clinical manifesta-
tions of the disease. It is our hope that understanding the patho-
physiology underlying the clinical syndromes identified here will 
assist the clinician in choosing patients most likely to benefit from 
intervention.
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Data from the National Health and Nutrition Examination Survey 
(NHANES) 2005 to 2008, extrapolated to 2008, estimated that 
approximately 76,400,000 adults 20 years of age or older have 
essential (primary) hypertension.1 Renovascular disease and renal 
parenchymal disease are the most common secondary causes of 
hypertension after obesity, excess alcohol ingestion, drug abuse, 
and oral contraceptive use are excluded.

The presence of anatomical renal artery stenosis (RAS) does 
not necessarily establish that the hypertension or renal failure 
is due to RAS. Incidentally discovered RAS is quite common, 
whereas  renovascular hypertension only occurs in 1% to 5% of all 
patients with hypertension.2,3 Approximately 90% of all renovascu-
lar disease is caused by atherosclerosis.4,5 Fibromuscular dysplasia 
(FMD) is the second most common cause of RAS.6 Patients with 
atherosclerotic RAS are typically older than age 55 and have the 
usual risk factors for atherosclerosis, but FMD is more common in 
younger women. The predominant clinical manifestation of FMD is 
hypertension; atherosclerotic RAS may present with hypertension, 
renal failure (ischemic nephropathy), and/or recurrent episodes 
of  congestive heart failure (CHF) and “flash” pulmonary edema.7 
Whereas atherosclerotic RAS most often occurs at the ostium or 
proximal portion of the renal artery, FMD usually occurs in the mid- 
to distal renal artery and its primary branches (Figs. 23-1 and 23-2).

The effects of atherosclerosis on the coronary and carotid arter-
ies are well recognized, but involvement of the renal arteries is 
frequently overlooked. In addition to the sequelae of RAS (hyper-
tension, renal failure), patients with atherosclerotic RAS succumb 
prematurely from myocardial infarction (MI) and stroke.8–11 Thus, 
early diagnosis and treatment is important to avoid the conse-
quences of RAS.

When considering the diagnosis of RAS, it is useful to think 
in terms of the circumstances in which RAS is likely to occur 
(Box 23-1).

Hypertension
Individuals who develop hypertension between the ages of 30 and 
55 usually have primary (essential) hypertension. If the initial diag-
nosis of hypertension is made before the age of 30, it is usually 
due to FMD if other known secondary causes (obesity, oral con-
traceptive use, drug abuse, and parenchymal renal disease) have 
been excluded. Since atherosclerosis occurs in older individuals, it 
is usually the cause of RAS after the age of 55. In one population-
based study of Medicare patients aged 65 or older, the prevalence 
of atherosclerotic RAS was 6.8%.12 In this cohort, RAS was found 
in nearly twice as many men as women (9.1% vs. 5.5%; P = 0.053); 
no significant differences were identified between Caucasians and 
African American subjects (6.9% vs. 6.7%; P = 0.933).12 Although 
RAS can be associated with both systolic and diastolic hyperten-
sion, the diagnosis of RAS should be seriously considered in indi-
viduals who present with new-onset diastolic hypertension after 
the age of 55, primarily because diastolic blood pressure usually 
declines after age 55 in normal individuals. It is not uncommon for 
patients to have primary hypertension for many years, and as they 
age, develop atherosclerotic RAS. This cohort of patients may have 
had well-controlled blood pressure that suddenly becomes more 
difficult to control.

Patients may have anatomically significant RAS and no hyper-
tension at all. Dustan and colleagues reviewed 149 aortograms 
and found that approximately half of patients with 50% or more 
RAS did not have hypertension.13 Moreover, in a recent systematic 

review of 40 studies that evaluated a total of 15,879 patients, the 
mean prevalence of RAS among patients with suspected renovas-
cular hypertension was 14.1%.11 On further analysis of the patients 
who were incidentally found to have RAS on imaging studies, 
65.5% were hypertensive and 27.5% had renal failure.11 Therefore, 
the mere presence of RAS and hypertension does not necessarily 
mean that one is causing the other.

Accelerated or malignant hypertension also has been asso-
ciated with a very high prevalence of RAS.14 Resistant hyperten-
sion is defined as failure to normalize blood pressure to less than 
140/90 mmHg following an optimal medical regimen consisting of 
at least three drugs with different mechanisms of action, including a 
diuretic.15 The diagnosis of renovascular disease should be strongly 
considered in patients with true drug-resistant hypertension.

Renal Abnormalities
Gifford et al. found that 71% of patients (53 of 75 patients) with an 
atrophic kidney had severe stenosis or complete occlusion of the 
renal artery supplying the small kidney.16 Three studies have shown 
that if there is a discrepancy in size between the two kidneys or if 
one kidney is atrophic, the contralateral renal artery  (normal-sized 
kidney) is severely stenotic about 60% of the time.2,16,17 Therefore, 
the presence of an atrophic kidney or a discrepancy in size 
between the two kidneys demands a thorough investigation for the 
presence of renovascular disease.

Numerous reports suggest that patients who develop azotemia 
while receiving angiotensin-converting enzyme (ACE) inhibi-
tors or angiotensin II receptor blocking (ARB) agents have bilat-
eral RAS, RAS to a solitary functioning kidney, or decompensated 
CHF in the sodium-depleted state.18–22 These  clinical scenarios are 
absolute indications for investigation, since they  usually reflect the 
presence of severe RAS to the entire functioning renal mass, thus 
placing the patient in jeopardy of renal failure. The mechanisms of 
acute and chronic renal failure in patients with RAS are discussed 
in detail in Chapter 22.

There are no prospective studies evaluating how often athero-
sclerotic renovascular disease leads to end-stage renal disease 
(ESRD). Scoble et al. found that atherosclerotic renovascular 
disease was the cause of ESRD in 14% of patients starting dialy-
sis therapy.23,24 In a retrospective review over a 20-year period in 
683 patients, 83 (12%) patients had documented RAS as a cause 
of ESRD. Since arteriography was only performed in patients with 
 suspected RAS, it is entirely possible that the true incidence of 
RAS as a cause of ESRD was underestimated. De Mast and Beutler 
reported that 41% of patients with ESRD had at least one renal 
artery with more than 50% stenosis.11 Renal artery stenosis must be 
excluded in every patient starting dialysis if a clear-cut etiology for 
the ESRD is not known because the mortality in this patient popu-
lation is extremely high. In the series by Mailloux et al., median sur-
vival in patients with ESRD secondary to RAS was 25 months, while 
2-, 5-, and 10-year survival was 56%, 18%, and 5%, respectively.9,10

Effects of Renal Artery Stenosis on the 
Heart
Recurrent CHF and flash pulmonary edema unrelated to isch-
emic heart disease can result from bilateral RAS (or unilateral 
RAS to a single functioning kidney). In one renal artery stent 
series, 39 patients (19% of all patients undergoing renal artery 
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stent  implantation from 1991–1997) had recurrent episodes of 
CHF or flash pulmonary edema as the primary indication for renal 
artery stenting.25 Nineteen of 39 patients had moderate to severe 
left ventricular (LV) systolic function. Although not completely 
understood, the mechanism of CHF may be related in part to the 

inability to use ACE inhibitors or ARBs to the direct adverse effects 
of  angiotensin II (Ang II) on myocardial function, or to the inabil-
ity to control volume adequately. If  coronary ischemia has been 
excluded as a cause of CHF, renal revascularization (percutaneous 
stenting or surgical) is a very effective method of treatment in these 
individuals.25–27

One retrospective study demonstrated improvement in anginal 
symptoms in patients undergoing renal artery stent implantation. 
The mechanism of such improvement is not clearly delineated, but 
88% of these patients had improved blood pressure control after 
stenting. This effect may account at least in part for decreased 
 anginal symptoms.28

Presence of Atherosclerosis in Other 
Vascular Beds
Several series have examined the prevalence of renovascular 
 disease in patients who have atherosclerotic disease elsewhere. 
To determine the prevalence of atherosclerotic RAS, Olin et al. 
studied 395 consecutive patients who had undergone arteriogra-
phy as part of an evaluation for either an abdominal aortic aneu-
rysm, aortoiliac occlusive disease, or peripheral artery disease 
(PAD)2 (Table 23-1). These patients did not have the usual clinical 
clues to suggest RAS. High-grade bilateral renal artery disease was 
present in approximately 13% of patients. In addition, 76 patients 
had an aortogram performed for suspected RAS, and RAS was 
present in 70% of these subjects. Other studies have shown that 
22% to 59% of patients with PAD have significant RAS.29

It has also been established that RAS is common in patients with 
coronary artery disease (CAD). Of 7758 patients undergoing car-
diac catheterization during a 78-month period of time, 3987 under-
went  aortography at the time of catheterization to screen for RAS30; 

Hypertension
Hypertension onset age <30 or >55 years
Malignant or accelerated hypertension
Resistant hypertension (blood pressure >140/90 mmHg despite appropriate 

three-drug regimen, including a diuretic)
loss of blood pressure control in a previously well-controlled patient

Renal Abnormalities
Acute renal failure precipitated by an angiotensin-converting enzyme (ACE) 

inhibitor or angiotensin receptor blocking (ARB) agent
unexplained azotemia
Patient receiving renal replacement therapy (dialysis) without a definite 

known cause of end-stage renal disease (EsRD)
Atrophic or small kidney

Cardiac Disease
Recurrent congestive heart failure (CHf) or flash pulmonary edema
Angina disproportionate to coronary anatomy

Presence of Atherosclerosis in Other Vascular Beds
Peripheral artery disease (PAD)
Aortoiliac occlusive disease
Aortic aneurysm
Multivessel coronary artery disease (CAD)

Box 23-1  Clinical Clues That Suggest Presence 
of  Renal Artery Stenosis

A B C

FIGURE 23-1 A-B, Digital subtraction angiogram (DSA) showing typical features of atherosclerotic renal artery stenosis (RAS). There is severe bilateral ostial RAS.  
C, Angiogram after stents were placed in right and left renal arteries.

FIGURE 23-2 A, Digital subtraction 
angiogram (DSA) demonstrating medial 
fibroplasia located in mid- to distal 
part of left renal artery. Note “beading,” 
with beads larger than normal caliber 
of artery, typical of medial fibroplasia. 
B, Angiogram of left renal artery after 
percutaneous balloon angioplasty. 
Angiographic appearance is improved, 
and there was resolution of pressure 
gradient.

A B
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191 (4.8%) had more than 75% RAS, and 0.8% had severe bilateral 
disease. In a Mayo Clinic series, renal arteries were studied at the 
time of cardiac catheterization in patients with hypertension.31 
Ninety percent of the renal arteries were adequately visualized, and 
no complications occurred from the aortogram. More than 50% RAS 
was present in 19.2%, more than 70% stenosis in 7%, and bilateral 
RAS was present in 3.7% of patients. The likelihood of significant 
RAS is markedly increased in patients with two or more coronary 
artery lesions.32 A prospective study of the long-term natural  history 
of patients undergoing cardiac catheterization and renal angiogra-
phy is needed to determine whether diagnosing RAS in this setting 
improves patient outcome measures. Renal artery disease is also 
associated with atherosclerotic disease in the carotid arteries. Louie 
et al. demonstrated that 46% of patients with more than 60% RAS 
also had more than 50% carotid stenosis.33 All of these studies sup-
port the fact that atherosclerotic RAS is a manifestation of systemic 
atherosclerosis and reinforce the concept of treating the entire 
patient, not just the  circulatory bed involved at a given point in time.

The presence of RAS even prior to development of ESRD por-
tends a poor prognosis. Patient survival decreases as the sever-
ity of RAS increases, with 2-year survival rates of 96% in patients 
with unilateral RAS, 74% in patients with bilateral RAS, and 47% 
in patients with stenosis or occlusion to a solitary function-
ing kidney.34 Dorros et al. demonstrated that as serum creatinine 
increases, survival decreases in patients with atherosclerotic RAS.35 
The 3-year  probability of survival was 92 ± 4% for patients with 
a serum  creatinine below 1.4 mg/dL, 74 ± 8% for patients with a 
serum  creatinine of 1.5 to 1.9 mg/dL, and 51 ± 8% for patients with 
a serum creatinine 2.0 mg/dL or higher.

Long-term survival was investigated in a cohort of 1235 patients 
who underwent abdominal aortography at the time of cardiac 
catheterization. The 4-year survival rate of patients without RAS was 
88% versus 57% for those with RAS.34

Physical Examination
The physical examination is generally not helpful in the diagnosis 
of RAS. Evidence of coronary, cerebral, or PAD is associated with a 
higher likelihood of renal artery disease because of the systemic 
nature of atherosclerosis. A systolic abdominal bruit is common 
and nonspecific, but the presence of both a systolic and diastolic 
bruit auscultated over the epigastrium may point to underlying 
renal artery disease.36 Presence of a diastolic component to the 
bruit indicates that the degree of  narrowing of the artery is severe, 
since there is continued flow during diastole.37 An abdominal bruit 
with a systolic and diastolic component occurs more often in 
patients with FMD (53%) than in patients who have atherosclerotic 
disease (12.5%).36 Presence of a bruit is helpful, but absence does 
not exclude the diagnosis of either atherosclerotic renovascular 
disease or FMD.

Diagnosis of Renovascular Disease
In the past, indirect methods of assessing the renal arteries were 
commonly used to diagnose RAS. Intravenous urography is obso-
lete as a screening tool, owing to its poor sensitivity and specificity.38 
Plasma renin activity as a stand-alone screening test is not reliable 

for diagnosing or excluding renal artery disease. Elevated plasma 
renin activity may be present in approximately 15% of patients 
with essential hypertension. In addition, patients with bilateral dis-
ease or disease to a solitary functioning kidney may have normal 
or low plasma renin activity due to extracellular volume expan-
sion, position of the patient during the test, or medication use. The 
test is less accurate in azotemic patients and in African American 
patients.39 The captopril test (plasma renin measurement before 
and after administration of captopril) is not an ideal screening test 
and is rarely used. Renal vein renin measurement is not a useful 
test to screen for RAS; in addition, it has little value in determin-
ing who will benefit from revascularization. Except under unusual 
 circumstances, this test is rarely used to make clinical decisions.

Captopril Scintigraphy
Radionuclide imaging techniques are a noninvasive and safe way 
of evaluating renal blood flow and excretory function, but the renal 
flow scan has unacceptably high false-positive and  false-negative 
rates for diagnosing RAS.40 When an ACE inhibitor such as capto-
pril is added to isotope renography, sensitivity and specificity of  
the test improve considerably, especially for patients with unilateral 
RAS. In most instances of unilateral RAS, the glomerular filtration 
rate (GFR) of the stenotic kidney falls by approximately 30% after 
captopril administration.41,42 In contrast, the contralateral normal 
kidney exhibits an increase in GFR, urine flow, and salt excretion 
despite a reduction in systemic blood pressure. These expected 
physiological changes within the stenotic and contralateral kid-
neys are the basis of the asymmetry of renal function following 
ACE inhibition detected by renal scintigraphy (see Chapter 22).43–45

In patients with normal renal function and unilateral disease, 
captopril renography has a sensitivity of around 85% to 90% 
(range 45-94) and specificity around 93% to 98% (range 81-100).46 
However, the presence of significant azotemia or bilateral RAS 
may adversely affect the accuracy of captopril renography. Many 
investigators have excluded patients with a serum creatinine 
exceeding 2.5 to 3.0 mg/dL.47 Although the captopril renogram 
was once the noninvasive diagnostic test of choice for patients 
with RAS, it is now rarely used because the quality of the images 
of duplex  ultrasound, magnetic resonance angiography (MRA), 
and computed tomographic angiography (CTA) are excellent, as 
 discussed later.

Imaging Modalities to Detect Renal  
Artery Stenosis
Although catheter-based renal angiography with pressure gradient 
measurements is the definitive gold standard of RAS assessment, 
several noninvasive imaging modalities such as duplex ultrasound, 
CTA, and MRA, have become more practical first-line tests for the 
diagnosis of RAS. Imaging has become so sophisticated and accu-
rate, it is seldom necessary to perform catheter-based angiography 
for the diagnosis of renal artery disease, and it usually is reserved 
for imaging at the time of percutaneous revascularization. The 
ideal imaging procedure should48:
1. Identify the main renal arteries as well as accessory or polar vessels.
2. Localize the site of stenosis or disease.

 
≥50% STENOSIS

ABDOMINAL AORTIC 
ANEURYSM (n = 109)

AORTOILIAC OCCLUSIVE 
DISEASE (n = 21)

PERIPHERAL ARTERY 
DISEASE (n = 189)

RENAL ARTERY STENOSIS  
(n = 76)

All patients 41 (38%) 7 (33%) 74 (39%) 53 (70%)*

Diabetic patients  6 (50%) 1 (33%) 34 (50%)† 10 (71%)

Nondiabetic patients 35 (36%) 6 (33%) 40 (33%) 43 (69%)*

TABLE 23-1 Prevalence of Atherosclerotic Renal Artery Stenosis

*P < 0.001
†P < 0.02
From Olin JW, Melia M, Young JR, et al: Prevalence of atherosclerotic renal artery stenosis in patients with atherosclerosis elsewhere. Am J Med 88:46 N–51 N, 1990.2
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3. Determine the type of disease present (e.g., atherosclerosis, FMD).
4. Provide evidence for the hemodynamic significance of the lesion.
5. Determine the likelihood of a favorable response to 

revascu larization.
6. Identify associated pathology (i.e., abdominal aortic aneurysm, 

renal mass, etc.) that may have an impact on the treatment of 
the renal artery disease.

7. Detect restenosis after percutaneous or surgical revascularization.
Duplex ultrasonography, CTA, and MRA do not by themselves 

fulfill all these criteria. Local expertise and availability, as well as 
economic costs, often dictate the preferred imaging modality used 
(Fig. 23-3). Factors that may play a role in determining the optimal 
screening test include the patient's renal function, body habitus, 
and personal preference (e.g., claustrophobia).

DUPLEX ULTRASONOGRAPHY

Duplex ultrasonography (also see Chapter 12), which is composed 
of real-time brightness (B-mode/gray scale) imaging and color 
pulsed-wave Doppler, has the advantages of being noninvasive, the 
least expensive of the imaging modalities, and provides both ana-
tomical and functional information about the arterial segments 
being evaluated. Duplex ultrasonography also does not require the 
use of potentially nephrotoxic agents.

Overall, when compared to angiography, duplex ultrasonog-
raphy has a sensitivity and specificity of 84% to 98% and 62% to 
99%, respectively, when used to diagnose RAS.49–55 In a prospective 
blinded study, there was a very good correlation between duplex 
ultrasonography and angiography (Table 23-2). In addition, it was 
determined that if the end-diastolic velocity (EDV) was 150 cm/s 
or greater, the degree of stenosis was likely to be 80% or more.56

Renal artery ultrasound should be performed from both an ante-
rior and oblique (or posterior [flank]) approach (Fig. 23-4). In the 
longitudinal view, the peak systolic flow velocity in the aorta is 
recorded at the level of the renal arteries. The renal-to-aortic ratio 
(RAR), which is the ratio of the highest peak systolic value (PSV) in 
the renal arteries to the PSV in the aorta, can then be calculated to 
help classify the degree of stenosis (see Table 23-3).54,56

The renal arteries are best visualized in a transverse (short-
axis) view. Using the B-mode image and a 60-degree angle of inso-
nance, the arteries are interrogated with pulsed wave Doppler. The 
Doppler should be swept through the artery from its origin to the 
renal hilum, which will allow the examiner to survey the artery for 
velocity shifts along the entire course of the renal artery. Velocities 
should be recorded at the origin, proximal, mid-, and distal arterial 
segments. From an oblique approach, the renal artery can be visu-
alized at the renal hilum and followed to the aorta. By studying 

the patient from an anterior and an oblique approach, Doppler 
velocity measurements are obtained in two views, assuring that 
a focal stenosis is not missed and that the angle of insonation is 
correct. Since medial fibroplasia most often occurs in the mid- to 
distal renal artery, the oblique approach is particularly good for 
detecting this type of stenosis. It is important to note that segmen-
tal Doppler interrogation (spot-checking) of the renal artery veloc-
ities is inadequate and often leads to an inaccurate result.54,56,57 
When there is a discrepancy in kidney size of 1.5 cm or greater, the 
ultrasonographer should search very carefully for the presence of 
RAS or an occluded renal artery.

A three-category classification scheme based on the PSV within 
the proximal segment of the renal arteries is commonly used: 0% 
to 59% stenosis; 60% to 99% stenosis, and total occlusion. If the 
PSV is greater than 200 cm/s and turbulence is present in color 
Doppler flow, the stenosis would be classified as 60% to 99%. In  
the presence of a severe stenosis, there may be characteristic spec-
tral broadening of the Doppler arterial waveform or parvus-tardus 
waveform just distal to the lesion. In addition to the PSV, the RAR 
is also used to help classify the degree of stenosis (Table 23-2). 
The caveat is that the RAR is not an accurate representation of the 
degree of stenosis when the aortic velocity is less than 40 cm/s or 
greater than 100 cm/s, or when an abdominal aortic aneurysm, or 
aortic stent graft is present.

Indirect assessment using the acceleration time (AT), accelera-
tion index (AI), and resistance index (RI) have been used by some 

Clinical Suspicion of Renal Artery Stenosis And an Indication for Revascularization

Renal Artery Duplex MRA or CTA

Not available
in institution

or poor
quality studies

� RAS

Angiography
and intervention

Angiography
and intervention

Technically poor
study but strong
clinical suspicion

Technically poor
study but strong
clinical suspicion

Technically
good study

Stop StopMRA, CTA, or angiography Angiography

Technically
good study

� RAS � RAS � RAS

FIGURE 23-3 Algorithm for 
diagnosis of renal artery stenosis 
(RAS). CTA, computed tomographic 
angiography; MRA, magnetic resonance 
angiography. (Adapted from Carman T, 
Olin JW: Diagnosis of renal artery stenosis: 
what is the optimal diagnostic test? Curr 
Interv Cardiol Rep 2:111–118, 2000.)48

From Olin JW, Piedmonte MR, Young JR, et al: The utility of duplex ultrasound scanning of the 
renal arteries for diagnosing significant renal artery stenosis. Ann Intern Med 122:833–838, 1995.56

TABLE 23-2
  Comparison of Duplex Ultrasound with 

Arteriography

 
Stenosis by Arteriography

 STENOSIS BY 
ULTRASOUND

 
0%-59%

 
60%-79%

 
80%-99%

 
100%

 
TOTAL

0%-59% 62  0  1  1  64

60%-99%  1 31 67  0  99

100%  0  1  1 22  24

TOTAL 63 32 69 23 187

Sensitivity 0.98

Specificity 0.98

Positive predictive value 0.99

Negative predictive value 0.97
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investigators to diagnose RAS. However, direct measurement of 
blood flow velocities in the visualized segments of the renal arter-
ies is the most accurate method of determining whether significant 
RAS is present.

There are two other important advantages of duplex ultraso-
nography. First, duplex ultrasonography may help identify patients 
who will have a favorable clinical outcome after surgical or cathe-
ter-based renal revascularization.58 The RI is calculated as  follows: 
[1-(end-diastolic velocity/peak systolic velocity)] × 100 (Fig. 23-5). 
Using a zero-degree angle of insonation, the peak systolic veloc-
ity and EDV are measured within the parenchyma of the kidney.  
Two studies help support use of the RI. A prospective study followed 
138 patients with more than 50% RAS who underwent renal artery 
angioplasty or surgery for blood pressure control or preservation  

of renal function. A renal RI of 80 or greater identified patients in 
whom angioplasty or  surgery was not associated with improved 
blood pressure, renal function, or kidney survival. Ninety-seven 
percent of patients with an increased renal RI demonstrated no 
improvement in blood pressure, and 80% had no improvement in 
renal function. The authors suggested that the increased RI iden-
tifies structural abnormalities in the small vessels of the kidney. 
Such small-vessel disease is typical of long-standing hypertension 
associated with nephrosclerosis or  glomerulosclerosis.59 Similar 
conclusions were drawn from a more recent study that retrospec-
tively evaluated the  significance of  associating  preprocedural RI 
with postintervention outcomes (endovascular or open surgical 
repair for RAS treatment). Crutchley et al. found that a preproce-
dural RI of 0.8 or higher was highly associated with a postproce-
dural decline in renal function, and that the RI was also highly 
predictive of all-cause mortality.60 However, not all investigators 
believe RI is an accurate predictor of response to renal artery 
revascularization. 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 a year after renal arterial intervention.61,62 
Zeller et al. demonstrated that patients with the most abnormal 
RI values experienced the greatest  magnitude of  benefit.61 Until 
more information becomes available, an elevated RI should not 
be considered a contraindication to performing renal artery 
revascularization.63

The second major advantage of duplex ultrasonography is its 
ability to detect restenosis after percutaneous therapy or surgi-
cal bypass64–66 (Fig. 23-6). Unlike MRA (which may be affected by 
artifact or scatter produced by the stent), ultrasound transmis-
sion through the stent is not a problem. Computed tomographic 
angiography has not been adequately studied in this respect. 
Hudspeth et al. compared angiography to duplex ultrasound for 
follow-up of RAS after angioplasty and demonstrated a sensitivity 
and specificity of 69% and 98%, respectively, for detecting stenosis 
greater than 60%.65 In a more contemporary series, Bakker et al. 
showed that duplex ultrasonography was an excellent technique 
to detect restenosis after stent implantation. In 33 consecutive 
patients using threshold values of 226 cm/s for peak systolic veloc-
ity and 2.7 for RAR, sensitivities and specificities were 100% and 
90%, and 100% and 84%, respectively.66 In a series of 134 patients 
with renal artery stents, velocity-derived criteria were developed. 
All patients with a PSV of less than 241 cm/s were free of in-stent 
restenosis, while all patients with a PSV of 300 cm/s or greater had 
in-stent restenosis as confirmed by CTA or catheter-based angio-
gram. If the PSV was between 241 and 299 cm/s, a judgment was 
required assessing the degree of turbulence and appearance on 
gray scale and color Doppler. Using these criteria, the sensitivity 
was 91%, specificity was 97%, positive predictive value 91%, nega-
tive predictive value 96%, and accuracy 95%.67 All patients who 
have undergone percutaneous intervention should be placed 
in a surveillance program in an attempt to identify restenosis 
and treat it before the artery occludes. Following PTA and stent 

RAR <3.5 and PSV <200 cm/s 0%-59%

RAR ≥3.5 and PSV >200 cm/s 60%-99%

RAR >3.5 and EDV ≥150 cm/s 80%-99%

Absent flow, low-amplitude parenchymal signal Occluded

TABLE 23-3  Duplex Criteria for Diagnosis of Renal Artery 
Stenosis

EDV, end-diastolic velocity; PSV, peak systolic velocity; RAR, renal-to-aortic ratio.

A B C

FIGURE 23-4 A, Color duplex ultrasound of renal arteries from an anterior approach. The right renal artery takes off at approximately 9-10 o'clock and the left renal 
artery at 3-4 o'clock. B, Color duplex ultrasound from oblique view imaging from kidney to proximal renal artery. Note how entire renal artery is visualized from this 
approach. C, Duplex ultrasound from anterior view. There is turbulence to flow on color Doppler and markedly increased velocities of blood flow (peak systolic velocity 
[PSV] 593 cm/sec and end-diastolic velocity [EDV] 134 cm/sec), indicating severe stenosis.

FIGURE 23-5 Measurement of resistance index (RI) {[1-(end-diastolic velocity/
peak systolic velocity)] × 100}. Parenchyma of the kidney is visualized. Note 
blood flow within kidney. Doppler angle is zero degrees to optimize Doppler 
waveform. Color velocity scale is set low to optimize color flow. By measuring 
peak systolic velocity (PSV) (arrow) and end-diastolic velocity (EDV) (arrow), 
ultrasound machine calculates RI (shown in the gray area at bottom left portion 
of this image). RI = 0.55 × 100 = 55.
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implantation, a renal artery duplex should be obtained at the first 
office visit, 6 months, 12 months, and yearly thereafter.7,68

There are several limitations of duplex ultrasonography. It is 
technically demanding, there is a steep learning curve, and it is 
particularly challenging in the obese individual. The sensitivity of 
identifying accessory renal arteries is only about 67%.49 In addition, 
approximately 5% of renal artery ultrasound studies are of subop-
timal quality because of the presence of too much bowel gas. It is 
highly recommended that these patients return to be studied at a 
later date after having not eaten in the previous 12 hours.

MAGNETIC RESONANCE ANGIOGRAPHY

Magnetic resonance angiography (also see Chapter 13) of the 
renal arteries can be performed rapidly with excellent image qual-
ity, does not involve ionizing radiation, and allows for direct visu-
alization of the aorta and renal arteries. Furthermore, MRA can 
provide functional assessment of blood flow via absolute blood 
flow rate and GFR measurements.69 There is recent evidence that 
functional renal perfusion can be assessed by MRA.70,71

Compared to conventional catheter angiography as the refer-
ence standard, three-dimensional (3D) contrast-enhanced gado-
linium MRA has a mean sensitivity of 96% and mean  specificity of 
93%72–83 (Table 23-4). Magnetic resonance angiography techniques 
that do not use  gadolinium contrast agents have improved sig-
nificantly and can be  comparable to contrast-enhanced MRA in 
diagnostic quality.84 These gadolinium-free techniques, such as 3D 
time-of-flight (TOF) and  inversion-recovery steady-state free pre-
cession (SSFP), have similar sensitivities (≈92%) and specificities 
(94%) for detecting RAS84–88 (Table 23-5 and Fig. 23-7).

Contrast-enhanced 3D MRA has become a commonly used 
modality for renal artery imaging because of its ability to produce 
3D angiographic images with excellent image quality and improved 
speed of acquisition.57,70,89,90 Contrast-enhanced 3D MRA exploits 
the T1-shortening effects of gadolinium-based contrast agents. 
Blood appears bright, and stationary tissues have a dark appear-
ance. Use of gadolinium shortens image acquisition times, signifi-
cantly limiting artifact due to patient movement and respiration.91 
Because signal intensity with gadolinium is concentration depen-
dent and not flow based, low-flow related artifacts are reduced, and 
visualization of small vessels is improved  compared to other MRI 
techniques.92 Contrast-enhanced MRA is performed using fast 3D 
gradient echo pulse sequences. These pulse sequences are avail-
able primarily at higher magnetic field strengths (1.0 and 1.5 Tesla). 
Because hundreds of images are acquired, 3D image processing is 
subsequently performed to project vessels in views of high diag-
nostic interest.

Kidneys, adrenal glands, and surrounding soft tissues are eval-
uated by T1- and T2-weighted image acquisition. Time-of-flight 
(high-velocity jet within stenosis appears black owing to signal 
loss), phase contrast (gadolinium injection allows phase shift dif-
ference detection and rendering of renal arterial blood flow), and 
maximal intensity projection are the most widely applied MRA 

A

B
FIGURE 23-6 A, Duplex ultrasound demonstrating severe stenosis on first 
surveillance ultrasound 6 months after bilateral renal artery stent implantation. 
There is turbulence on color image. Peak systolic velocity (PSV) in right renal 
artery is 444 cm/s, and end-diastolic velocity (EDV) is 265 cm/s, with a  renal-to-aortic 
ratio of 7.4. This is consistent with an 80%-99% stenosis. B, Digital subtraction 
angiogram (DSA) of same patient demonstrating severe bilateral in-stent 
restenosis, right more severe than left.

TABLE 23-4
  Accuracy of Three-Dimensional Gadolinium 

Magnetic Resonance Angiography for Renal 
Artery Stenosis

AUTHOR YEAR PATIENTS SENSITIVITY SPECIFICITY

Snidow80 1996 47 100  89

Hany78 1997 39  93  98

De Cobelli76 1997 55 100  97

Rieumont79 1997 30 100  71

Bakker72 1998 54  97  92

Schoenberg73 1999 50  94  100

Hahn74 1999 22  91  79

Fain77 2001 25  97  92

Hood126 2002 21 100  74

Willmann109 2003 46  93 100

Patel127 2005 68  87  69

Eklof128 2005 58  93  91

Bicakci81 2006 84  69-100  86-96

Rountas82 2007 58  90  94

Stacul83 2008 35  83  73-78
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imaging  techniques. After 20 minutes of source image acquisi-
tion, additional time is required for reformatting. As with CTA, soft-
ware allows for both two dimensional (2D) and 3D reconstruction, 
which increases diagnostic yield. Proper equipment, software, and 
technical expertise are critical for  optimal renal MRA and account 
for significant variability of study quality between institutions.

Despite recent advances, MRA is still limited by several factors, 
including high cost and imaging artifacts, such as those attributed 
to patient movement, and difficulty resolving highly tortuous ves-
sels and the smaller accessory renal arteries. Magnetic resonance 
angiography acquisition times are longer than those for CTA, and 
patients must therefore be able to remain motionless for minutes at 

a time. Moreover, MRA may not be possible for patients with claus-
trophobia and those with metal clips, pacemakers, or other metal-
lic devices. For these reasons, MRA is most useful in patients after 
inconclusive preliminary workup for RAS or in those with a high 
clinical suspicion for renovascular hypertension or with contrain-
dications to other imaging modalities. Magnetic resonance angiog-
raphy is also not useful for monitoring patients after renal artery 
angioplasty and stenting because of artifact  produced by the stent. 
It also has a tendency to overestimate  stenosis severity and may 
miss accessory renal arteries if the field of view is too narrow.

Exposure to gadolinium-based contrast agents in the setting 
of renal failure has been associated with nephrogenic systemic 

A

B

FIGURE 23-7 A, Three-dimensional (3D) gadolinium-enhanced magnetic 
resonance angiogram (MRA) demonstrating normal renal arteries bilaterally. 
There is an excellent view of aorta from diaphragm to inguinal ligament. By 
imaging a large field of view, one can be certain not to miss an accessory 
renal artery. Kidneys are also well seen with this technology. Inferior vena 
cava can be seen in background. B, Severe atherosclerotic renal artery 
stenosis (RAS) of left renal artery. Right renal artery was normal.

AUTHOR YEAR PATIENTS TECHNIQUE SENSITIVITY SPECIFICITY

Tello129 2003  16 T2 dark blood  96 92

Maki86 2007  40 Nav SSFP 100 84

Wyttenbach88 2007  53 SSFP 100 93

Utsunomiya87 2008  26 Time SLIP SSFP  78 91

Korpraphong85 2009 114 B-FFE  57-62 92-94

TABLE 23-5 Accuracy of Magnetic Resonance Angiography without Contrast for Renal Artery Stenosis

B-FFE, balanced fast-field echo; SLIP, time-spatial labeling inversion; SSFP, steady-state free precession.
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 fibrosis (NSF), an exceedingly rare condition that involves  fibrosis 
of the skin, joints, eyes, and internal organs.93–95 Current recom-
mendations advise against administering gadolinium contrast 
to  individuals with a GFR below 30 mL/min/1.73m2 or those with 
acute renal failure or acute deterioration of chronic renal failure.95

COMPUTED TOMOGRAPHIC ANGIOGRAPHY

Computed tomographic angiography (also see Chapter 14) can 
be performed rapidly and safely for assessment of renal artery dis-
ease. Multidetector-row CTA provides excellent image quality with 
higher resolution than could be obtained previously with single-
detector-row technology. Most clinical imaging centers currently 
use 64- to 256-multidetector-row scanners, with 320-multidetec-
tor-row scanners currently reserved mostly for research applica-
tions or for studying the coronary arteries and bypass grafts.96,97 
Advantages of CTA over catheter-based angiography are98–103: volu-
metric acquisition, demonstrating better visualization of the anat-
omy from multiple angles and in multiple planes after a single 
acquisition; improved visualization of soft tissues and other adja-
cent anatomical structures; less invasive and thus fewer complica-
tions; and lower cost.

Computed tomographic angiography has several advantages 
over MRA, such as higher spatial and temporal resolution, absence 
of flow-related phenomena that may distort MRA images, and capa-
bility to visualize calcification and metallic implants such as endo-
vascular stents or stent grafts. Computed tomographic angiography 
also involves markedly decreased total examination time, with 
most 64-multidetector scanners currently performing a complete 
vascular examination of the abdominal aorta, mesenteric, renal, 
and iliac arteries in 5 to 10 seconds with submillimeter spatial 
 resolution. When exposure to ionizing radiation is a concern (e.g., 
in younger patients), MRA may be the preferred imaging modality.

The increased speed of acquisitions coupled with subsecond 
gantry rotations obtained with multidetector-row CTA allows for 
greater longitudinal coverage for a given scan duration and greater 
spatial resolution.104 This may not be of as much importance for 
assessing renal artery disease, but it has great advantages when 
assessing the thoracoabdominal, aortoiliac, and lower-extremity 
inflow and runoff, which may require up to 1400 mm of coverage.105 
Rapid acquisition of images allows for reduction in the amount 
of iodinated contrast material needed while maintaining excellent 
and uniform vascular enhancement.98,101–103,106

Thin beam collimation (<1 mm), rotational speed of the tube, and 
rate of table feed are key parameters in determining imaging proto-
cols. The first set of images produced are sequential or overlapping 

axial images, which should be interpreted with full  attention to all 
nonvascular structures including bones, bowel, visceral organs, and  
lung. To create angiographic representations, post-processing  
of the volumetric data is necessary. The best post-processed  
images are created from overlapping submillimeter reconstructed 
images (Fig. 23-8). In the absence of overlap, the angiographic 
images may have a marked stair-step appearance.

Over the past several years, more complex post-processing algo-
rithms have been formulated to display volumetric data, includ-
ing maximum intensity projection (MIP), shaded surface display 
(SSD), and volumetric rendering (VR).106–108 These techniques allow 
manipulation of raw data so as to optimize visualization of rele-
vant lesions or disease processes. An important common pitfall is 
selective visualization of the maximally opacified  vascular lumen. 
Both automated and manual creation of post-processed images 
risk inadvertent rejection of critical vascular and  nonvascular 
 information. Post-processed images alone should never be used for 
 interpretation of CT angiography.105

The sensitivity of CTA for RAS ranges from 89% to 100% and 
 specificity from 82% to 100%77,103,105,109–113 (Table 23-6). The area 
of acquisition should include the area from just proximal to the 
celiac artery to and including the iliac arteries. This will ensure  
that accessory renal arteries are detected and associated aortic 
and visceral artery pathology is not overlooked.

Results obtained using duplex ultrasound, MRA, or CTA are not 
nearly as good for assessing RAS secondary to FMD; catheter-based 
angiography remains the imaging modality of choice if FMD is 
suspected.6,114

CATHETER-BASED ANGIOGRAPHY

Although duplex ultrasonography, MRA, and CTA have replaced 
catheter-based angiography for the diagnosis of RAS in most cir-
cumstances, catheter-based angiography remains the gold stan-
dard. It is the most accurate test to diagnose RAS secondary to both 
atherosclerosis and FMD. It can clearly visualize branch vessels and 
cortical blood flow and is excellent for identifying accessory renal 
arteries.

Digital subtraction angiography (DSA) has replaced screen-
film angiography in the majority of institutions for vascular appli-
cations. The resolution of DSA is less than that of screen film but 
can approach three to four line pairs per millimeter with current 
equipment (see Fig. 23-1). The standard imaging matrix is now 
1024 × 1024, with image intensifiers that range up to 16 inches in 
 diameter. Flat-panel image intensifiers will soon become available. 
It is important to recognize that the renal arteries often come off 

A

B C

FIGURE 23-8 Three-dimensional (3D) computed tomographic angiogram (CTA) of renal arteries with 250 multidetector CT scanner. Volume rendering 
(A) and maximal intensity projection (MIP) (B-C) demonstrating a dissection and severe focal stenosis of right renal artery and a normal left renal artery.
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of the aorta posteriorly, and therefore oblique views of the aorta 
may be needed to adequately visualize the origin of the renal 
arteries. Pressure gradients should also be obtained to confirm the 
 physiological significance of a given lesion.

New developments in hardware and software have led to 
greater diagnostic accuracy and better safety. Bolus chasing, rapid 
image acquisition, vessel diameter analysis, regional pixel shifting, 
image stacking, 3D reconstructions from rotational angiograms, 
and angioscopic representations of DSA data are now routinely 
 available from manufacturers.105,115–119

Carbon dioxide (CO2) angiography provides an alternative to 
conventional angiography or DSA using iodinated contrast agents. 
This may be particularly useful in patients with renal insufficiency 
in whom contrast exposure may accelerate the decline of renal 
function. When compared to conventional angiography, CO2 angi-
ography has a sensitivity of 83% and a specificity of 99%.120,121

Advantages of DSA are the high resolution compared to current 
cross-sectional imaging techniques, ability to selectively  evaluate 
individual vessels, access direct physiological  information such 
as pressure gradients, and utilization as a platform for  intervention. 
Disadvantages are exposure to ionizing radiation, use of iodin-
ated contrast agents (contrast-induced nephropathy), and risks 
related to  vascular access (pseudoaneurysm,  hematoma, retroper-
itoneal bleed) and catheterization (atheromatous  embolization). 
Nevertheless, until an alternative platform is  developed for inter-
vention or  completely MR-compatible devices become  available, 
DSA will continue to have a central role in the  management of 
patients with vascular disease.

RENAL ANGIOGRAPHY AT THE TIME OF CARDIAC 
CATHETERIZATION

This controversial subject has led to numerous debates over the 
most appropriate management strategy for patients with CAD and 
possible RAS. It has been demonstrated that patients with CAD 
have a higher  prevalence of RAS than the general population. In 
addition, patients with RAS have a markedly increased mortality 
from cardiovascular disease. Conlon et al. reported that the 4-year 
survival for patients with no RAS detected at the time of cardiac 
catheterization was 90% compared to survival rates of 70% for 50% 
to 75% stenosis, 68% for 75% to 95% stenosis, and 48% for more than 
95% stenosis.30,122 Proponents of angiography at the time of cath-
eterization state that the procedure can be performed accurately 
with no added risk and provide the cardiologist with knowledge 
that the patient has RAS so that the patient can then be followed 
serially and treated with optimal secondary preventive measures.31 
Those against routine angiography claim that knowing that the 
patient has RAS adds nothing to the patient's overall management 
other than to tempt the angiographer to stent the stenotic lesion 
in the absence of accepted  clinical indications.46,123 This has been 
termed the renal oculosten(t)otic reflex.124

It is appropriate to perform renal angiography at the time of 
 cardiac catheterization if acceptable indications for renal artery 
intervention are present.125 Further prospective natural history 
studies in this asymptomatic population are needed, however, 
to answer the question of whether routine screening should be 
 performed at the time of cardiac catheterization.
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C H A P T E R  24  Medical and Endovascular 
Treatment of Renal Artery Disease
Robert D. Safian, Ryan D. Madder

The clinical diagnosis of renal artery stenosis (RAS) relies on a 
high index of suspicion and confirmation by noninvasive and 
invasive imaging modalities (see Chapter 23). There are inter-
related syndromes associated with RAS, including renovascular 
(renin-dependent) hypertension, essential hypertension, reversible 
 ischemic renal dysfunction, and irreversible ischemic nephropathy. 
Clinical features that heighten suspicion for RAS include abrupt-
onset or accelerated hypertension at any age, unexplained acute 
or chronic azotemia, azotemia induced by angiotensin-converting 
enzyme inhibitors (ACEIs), asymmetrical renal dimensions, and 
sudden pulmonary edema in the setting of normal left ventricular  
(LV) systolic function. Therapeutic considerations, alone or in com-
bination, include medical therapy, percutaneous revascularization  
with angioplasty (PTA) or stenting, and surgical revascular-
ization with bypass surgery or endarterectomy (Table 24-1). 
Revascularization of RAS with the goal of improving renal function 
and blood  pressure remains controversial, so patient selection is 
extremely important (Fig. 24-1).

General Considerations for Treatment
Atherosclerosis accounts for more than 90% of cases of RAS, 
whereas the remaining 10% are associated with fibromuscular 
dysplasia (FMD) or inflammatory diseases of the renal arterial cir-
culation. Whereas FMD is typically a disease of young and middle-
aged females and usually involves the distal two thirds of the renal 
artery and its branches, atherosclerotic RAS (ARAS) is a disease 
of the elderly, particularly those with diabetes, aortoiliac occlu-
sive disease, coronary artery disease (CAD), and hypertension. 
Atherosclerotic RAS usually involves the ostium and proximal one 
third of the renal artery, and it is a common manifestation of pro-
gressive atherosclerosis.1

Despite the prevalence and progressive nature of ARAS, it is likely 
many cases are never detected. Most patients with ARAS are iden-
tified during evaluation for refractory hypertension or progressive 
renal failure, or fortuitously as part of angiographic evaluation for 
aneurysmal or occlusive diseases of the aorta and  lower-extremity 
arterial circulation. In general, decisions about treatment of 
patients with ARAS are usually based on blood pressure control, 
preservation of renal excretory function, and modification of risk 
factors for atherosclerosis.2

Identification of Renovascular Syndromes
There are five interrelated renovascular syndromes  associated 
with RAS that can be broadly classified as anatomical RAS, 
 renin-dependent hypertension, essential hypertension, reversible 
renal ischemic dysfunction, and irreversible ischemic nephropathy. 
These syndromes may occur alone or in combination with each 
other and with other nonvascular renal diseases. Furthermore, 
although the type of RAS (FMD, ARAS) is influenced by age, gen-
der, and other patient-related risk factors for atherosclerosis, clin-
ical manifestations (regarding effects on the kidney, heart, and 
brain) may be similar. Renin-dependent hypertension is much 
more likely to be caused by FMD in young patients, whereas ARAS 
in elderly patients is more likely to be associated with essential 
hypertension. Although both FMD and ARAS can be associated 
with similar manifestations of injury to the kidneys, heart, and 
brain (Table 24-2), renal revascularization is more likely to cure 
hypertension in FMD patients, whereas ARAS patients are likely 
to require lifelong antihypertensive medical therapy, despite 

revascularization. The key point is that patients with anatomi-
cal RAS without other clinical manifestations may be treated 
conservatively without revascularization. Prior to revasculariza-
tion, patients with RAS and other clinical manifestations should 
undergo assessment of renal perfusion and the extent of paren-
chymal disease to determine the likelihood of clinical benefit.2

Evaluation of Renal Perfusion
As is true in the coronary circulation, there is poor correlation 
between angiographic RAS severity and hemodynamic signifi-
cance, even when quantitative angiography is used.3 As a result, 
angiography alone is insufficient to establish the presence of renal 
hypoperfusion, regardless of stenosis severity. Several noninvasive 
and invasive methods are available to assess the physiological 
impact of ARAS and identify renal hypoperfusion (Box 24-1; also 
see Chapter 23). Nuclear scintigraphy and direct glomerular filtra-
tion rate (GFR) measurements can assess single- and total-kidney 
blood flow; diminished renal blood flow ipsilateral to a stenotic 
renal artery provides reliable evidence of renal hypoperfusion.4–6 
Invasively, renal hypoperfusion can be identified with fractional 
flow reserve or translesional pressure gradients.3,7,8

In patients with FMD, angiography alone is nearly useless for 
assessment of stenosis severity before or after revascularization, 
or for assessment of renal perfusion. In FMD patients, translesional 
pressure gradients are extremely useful for localizing the site of 
critical stenosis and assessing results after intervention (Fig. 24-2). 
Intravascular ultrasound (IVUS) can also be used to assess intralu-
minal and vessel dimensions, which are nearly impossible to assess 
by angiography alone.

Evaluation of Nephropathy
Assessment of baseline parenchymal disease is essential in selecting 
patients for renal revascularization (Table 24-3), since the presence 
of parenchymal disease prior to intervention is the most impor-
tant predictor of adverse outcome. Even if renal hypoperfusion is 
 present, identification of advanced parenchymal disease suggests 
that renal dysfunction maybe irreversible regardless of revascular-
ization.9 The exception is the patient with advanced parenchymal 
disease, bilateral RAS, and recent dialysis, in whom a small increase 
in renal blood flow may permit separation from dialysis.2,10

Initial clinical evaluation of parenchymal disease includes serum 
creatinine (Cr), urinalysis for proteinuria, and renal duplex ultra-
sound to measure renal resistive index (RRI) and kidney dimen-
sions. When evaluating baseline renal function in patients with 
ARAS, it is important to realize that serum creatinine–based GFR 
estimates demonstrate good sensitivity but only modest specificity 
for identifying a measured GFR below 60 mL/min/1.73 m2 in indi-
viduals with ARAS.11 As a result, additional testing besides serum 
Cr should be performed to evaluate the presence of  underlying 
nephropathy. Renal resistive index is obtained by averaging values 
obtained in the upper, middle, and lower intrarenal segmental arter-
ies according to the formula 100 × [1 − (EDV/PSV)], where EDV and 
PSV are Doppler-derived end-diastolic and peak-systolic velocities, 
respectively. Compared to patients with RRI less than 80, those with 
RRI above 80 are older and have more extensive atherosclerosis 
and worse baseline renal function, consistent with more parenchy-
mal disease. Additionally, baseline RRI greater than 80 is associated 
with inadequate blood pressure control, worsening Cr clearance, 
more frequent progression to dialysis, and higher  mortality after 
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Clinical suspicion for evaluation of RAS
(See page 307)

Evaluate renal parenchymal disease and renal perfusion
(Box 24-1, Table 24-3)

Medical
therapy

Establish relationship between RAS and end-organ injury
(Table 24-2)

Imaging studies to confirm RAS

Revascularization

YesNo

No RAS

None

Extensive parenchymal disease

Yes

Yes

Renal ischemia,
minimal parenchymal disease

Assess causes of post-procedural renal failure

Arrange long-term follow-up
FIGURE 24-1 Management algorithm 
for patients with atherosclerotic renal 
artery stenosis (RAS).

TREATMENT IMPACT ON HYPERTENSION IMPACT ON NEPHROPATHY COMMENTS

Medical therapy Effective for control of hypertension, but 
most patients require ≥2 medications; 
resistant hypertension is common

No confirmed benefit for reversing or 
 stabilizing renal function

Mandatory for risk-factor modification 
(aspirin, lipid-lowering therapy, smoking 
cessation)

PTA Effective for refractory hypertension in 
patients with FMD; not superior to  
medical therapy in patients with ARAS

Uncertain role; complex  relationship 
between revascularization vs. 
 complications (distal embolization, 
 contrast nephropathy)

Not useful for ostial ARAS because of 
 suboptimal results

Stents Not evaluated in patients with FMD;  
effective for achieving “statistical”  
improvement in blood pressure; not 
clearly superior to medical therapy

Same as for PTA; anecdotal experience 
 suggests benefit if patient does not have 
advanced nephropathy

Treatment of choice in most patients with 
ARAS if revascularization is needed

Bypass surgery Not employed for FMD; not clearly useful in 
patients with ARAS

Anecdotal experience suggests possible 
benefit in the absence of advanced renal 
dysfunction

Rarely used; perioperative mortality rate 
2%-6%

TABLE 24-1 Therapeutic Options for Patients with Renal Artery Stenosis

ARAS, atherosclerotic renal artery stenosis; FMD, fibromuscular dysplasia; PTA, percutaneous transluminal angioplasty.

Noninvasive Assessment of Renal Blood Flow
125I-iothalamate GFR (total GFR)
99MTc-DTPA (split renal function and single-kidney GFR)

Invasive Assessment of Significance of Renal Artery Stenosis
Percent diameter stenosis by visual estimates or quantitative angiography
Translesional pressure gradient
Fractional flow reserve
IVUS
Renal frame counts
Renal blush score

Box 24-1  Clinical Evaluation of Renal Artery 
Stenosis and Renal Hypoperfusion

Adapted from Safian RD, Madder RD: Refining the approach to renal artery 
revascularization. JACC Cardiovasc Interv 2:161–174, 2009.2

GFR, glomerular filtration rate; 125I-iothalamate, iodine 125–labeled iothalamate; IVUS, 
intravascular ultrasound; 99MTc-DTPA, technetium-labeled diethylene-triamine-pentacetate.

ORGAN SYSTEM INJURY

Renal Ischemia/hypoperfusion

Cardiovascular Hypertensive crisis
ACS
Unexplained pulmonary edema
Aortic dissection

Cerebrovascular Hypertensive crisis
TIA
Stroke
ICH
Severe retinopathy

TABLE 24-2  
Vital Organ Injury That May Be Caused by 
Hemodynamically Significant Renal Artery 
Stenosis

ACS, acute coronary syndrome; ICH, intracerebral hemorrhage; TIA, transient ischemic attack.
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FIGURE 24-2 A 71-year-old female with refractory hypertension was found to have right renal artery stenosis (RAS) by noninvasive imaging. Selective 
renal angiography demonstrated fibromuscular dysplasia (FMD) of the right renal artery, but stenosis severity was difficult to assess (A). Intravascular ultrasound (IVUS) 
revealed complex intraluminal webs (not shown), and the translesional pressure gradient across the diseased segment (black arrows) was 15 mmHg at rest and 
20 mmHg after administration of intrarenal dopamine. Angioplasty of the right renal artery (B) did not result in a significant change in appearance by angiography (C) 
or (IVUS). After initial balloon angioplasty, the hyperemic translesional pressure gradient remained 20 mmHg. A guidewire pullback revealed a pressure gradient limited 
to a focal segment of FMD at the leading edge (black arrowhead). Repeat angioplasty in the proximal right renal artery did not alter the appearance of the artery by 
angiography (D), but resulted in complete resolution of the translesional pressure gradient.

renal revascularization.9 Several factors (renal dimensions, serum 
creatinine, presence of collaterals, and intact glomeruli by renal 
biopsy) have been proposed to suggest reversible renal failure, 
but the predictive value of these factors has not been validated, 
and renal biopsy is rarely employed for this purpose. Factors that 

 identify  irreversible dysfunction include severe diffuse intrare-
nal arteriopathy, proteinuria greater than 1 g/24 h (especially in a 
 diabetic patient), and marked atrophy of the renal cortex.2

The nephrogram is often overlooked during selective renal 
arterio graphy, since many operators tend to focus on the renal 
artery itself. However, there are several arteriographic features 
that can indicate the presence of nephropathy, including intra-
renal arteriolar narrowing, pruning (cut-off) of interlobar 
arterioles, and diminished cortical blood flow (Fig. 24-3). It is 
important to understand that it is best to use all the variables 
discussed to obtain a “nephropathy profile” because individual 
variables alone are not sufficiently reliable to assess the degree 
of nephropathy.2

In the process of evaluating patients, the goal is to differentiate 
the impact of ARAS on reversible kidney dysfunction from other 
causes of irreversible parenchymal disease, such as diabetic and 
hypertensive nephropathy. If renal hypoperfusion is absent, renal 
dysfunction is not attributable to ARAS and is more likely due 
to intrinsic nephropathy. Also, a patient with unilateral ARAS and 
serum Cr over 2 mg/dL is likely to have significant parenchymal dis-
ease, and revascularization of such patients may not improve renal 
function, especially in the absence of renal hypoperfusion.

Medical Therapy for Renal Artery 
Disease
The risk of cardiovascular events in hypertensive adults is most 
dependent on the degree of hypertension rather than its cause. 
True renovascular hypertension (i.e., renin-dependent hyperten-
sion) is much more likely in young patients with FMD than in 
elderly patients with ARAS. In fact, most hypertensive patients with 
ARAS have essential hypertension, whereas those with accelerated 
or malignant hypertension may have a renovascular component 
superimposed on a background of essential hypertension.2

FACTOR COMMENT

Serum Cr Easy to measure and inexpensive. Relatively 
 insensitive to degree of renal dysfunction and not 
 reliable for differentiating nephropathy from renal 
ischemia.

Proteinuria Easy to measure and inexpensive. Proteinuria  
≥1 g/24 h is a good indication of nephropathy, but 
lesser degrees of proteinuria are less reliable.

Renal dimensions Renal length 10-12 cm is generally favorable. Renal 
length ≤6 cm indicates irreversible renal injury 
(atrophic kidney).

 RRI RRI <70 is a good measure of reversibility. Although 
RRI >80 indicates parenchymal disease, it should 
not be used as the sole indicator of irreversible 
renal dysfunction.

Renal arteriogram Preservation of cortical blood flow and absence 
of intrarenal arteriolar disease are indicators of 
 reversible renal dysfunction. Poor cortical blood 
flow and severe diffuse intrarenal arteriolar disease 
are markers of advanced nephropathy.

Renal biopsy Reliable for histological confirmation of 
 nephropathy, but not practical for most patients.

TABLE 24-3  Clinical Evaluation of Renal Parenchymal 
Disease

Cr, creatinine; RRI, renal resistive index. 
Adapted from Safian RD, Madder RD: Refining the approach to renal artery revascularization. 
JACC Cardiovasc Interv 2:161–174, 2009.2
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Patients with FMD rarely have excretory dysfunction, and 
hypertension generally responds to ACEIs. In contrast, there are 
a  number of issues concerning medical management of patients 
with ARAS. First, although never specifically studied in patients 
with ARAS, it is reasonable to treat all patients with aggressive 
risk-factor modification to limit atherosclerosis. These mea-
sures include aspirin, lipid-lowering therapy, smoking cessation, 
and aggressive treatment of diabetes mellitus to limit diabetic 
nephropathy.12 Second,  medical therapy for hypertensive patients 
with ARAS is similar to that for patients with essential hyperten-
sion. Even after renal artery revascularization, antihypertensive 
medical therapy is necessary in most ARAS patients, since revas-
cularization cures hypertension (i.e., normal blood pressure off 
all medications) in less than 10% of patients.13,14 Third, patients 
with ischemic renal dysfunction represent a particularly high-
risk group with a poor prognosis, and there are no studies dem-
onstrating benefit of medical therapy for reversing or stabilizing 
renal function. The impact of medical therapy on long-term renal 
function in ARAS is controversial. One study reported a rise in 
serum Cr concentration in 5% to 10% of patients,15 whereas 

another showed a progressive rise in Cr despite excellent blood 
pressure control.16

Use of an ACEI or angiotensin receptor blocker (ARB) is con-
troversial in hypertensive patients with ARAS. Important consid-
erations relate to extent of RAS and degree of baseline renal 
impairment. Patients with hypertension, unilateral ARAS, and nor-
mal baseline renal function are good candidates for an ACEI or 
ARB. In fact, ACEIs appear to be more effective than other anti-
hypertensive agents in this setting. In patients with hypertension, 
unilateral RAS, and abnormal baseline renal function, ACEIs exert 
a beneficial impact on survival without affecting renal function. 
In these patients, long-term renal function is influenced most by 
the degree of baseline renal dysfunction and proteinuria, not 
by pharmacological treatment. In diabetic patients with hyper-
tension, unilateral renal artery stenosis, proteinuria, and normal 
or abnormal renal function, ACEIs and ARBs are effective anti-
hypertensive agents, and drug-induced reduction of intraglomer-
ular capillary pressure decreases proteinuria and renal injury.17 
It is interesting to speculate whether renal revascularization in 
this subgroup of patients could offset the benefit of ACEIs by 

A

B

FIGURE 24-3 Arteriographic patt-
erns of progressive hypertensive 
nephropathy. A, Normal renal 
arteriogram and nephrogram (left), 
showing excellent cortical blood  
flow extending into renal pyramids. 
In mild hypertensive nephropathy 
(right), cortical blood flow into renal 
pyramids is preserved, but there is 
diffuse intrarenal arteriolar narrowing 
(AA). B, This is a more advanced 
stage of hypertensive nephropathy 
(left) characterized by diminished 
cortical blood flow, some circulation 
to renal pyramids (P), and pruning (*) 
of several lobar arteries. In end-stage 
hypertensive nephropathy (right), 
cortical blood flow is absent (CBF), and 
there is generalized pruning (*) of most 
lobar vessels.
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 increasing intraglomerular capillary pressure,  proteinuria, and 
renal injury.

In contrast to patients with unilateral ARAS, patients with bilat-
eral RAS (or stenosis in a single solitary kidney) may be especially 
sensitive to declines in intraglomerular pressure leading to pro-
gressive renal failure. Such changes in intraglomerular pressure 
may occur in association with ACEIs or ARBs (due to vasodila-
tion of the efferent arterioles), reduction in intravascular volume 
(due to diuretics, dehydration, bleeding), or a decline in cardiac 
output due to congestive heart failure (CHF). In studies of thou-
sands of patients with hypertension or CHF (many of whom may 
have had occult RAS), discontinuation of ACEI therapy owing to 
renal dysfunction was reported in only 0.5% of patients, although 
mild to moderate increases in serum Cr were reported in 0.1% to 
10%. In contrast, discontinuation of ACEI therapy owing to renal 
dysfunction was necessary in 5% to 20% of patients with bilateral 
ARAS or stenosis of a solitary kidney.

Taken together, available data suggest that most patients with 
unilateral and bilateral ARAS and hypertension will benefit from 
an ACEI or ARB. For patients with bilateral ARAS (or stenosis of a 
solitary kidney), renal function and serum potassium levels should 
be monitored closely during initiation of therapy to identify those 
who may be intolerant.

Selecting Patients for Renal Artery 
Endovascular Revascularization
The major challenge in selecting patients for renal revascu-
larization is the absence of compelling data supporting doing 
so. A review of worldwide studies of ARAS identified approxi-
mately 5000 studies of renal revascularization,18 including only 
two randomized controlled trials (RCTs) of PTA (not stent-
ing) versus medical therapy.19,20 A subsequent review nearly led 
to withdrawal of Center for Medicare and Medicaid Services 
(CMS) reimbursement for renal stenting.21 Those two RCTs, 
two subsequent RCTs,22,23 and another comparative trial24 
reported no benefit of renal revascularization (PTA or stent-
ing) compared to best medical therapy with respect to hyper-
tension control and estimated GFR during 1- to 2-year follow-up.  
In contrast, numerous observational studies reported stabiliza-
tion or improvement in renal function4,25–27 and hypertension 
control8,28,29 after renal stenting. There are several potential expla-
nations for the negative results of RCTs and discrepant findings 
among studies, including treatment of patients with anatomical 
stenosis but normal renal perfusion (i.e., oculostenotic reflex), 
failure to differentiate reversible ischemic renal dysfunction from 
irreversible parenchymal disease (i.e., nephropathy), and unre-
alistic expectations that ARAS patients have  renin-dependent  
(i.e., renovascular hypertension) rather than essential hyperten-
sion.2 In addition, many RCTs have significant methodological 
flaws that limit their ability to measure changes in renal function,11 
raising doubts about the validity of their results and conclusions 
(Table 24-4). Finally, the medical literature is filled with ambiguous 
and inconsistent terminology regarding  renovascular syndromes.2

The 2005 American College of Cardiology/American Heart 
Association (ACC/AHA) guidelines propose recommenda-
tions for renal artery revascularization,12 even though the rec-
ommendations have not been established by any randomized 
clinical  trials. In general, ACC/AHA revascularization guidelines 
are based on the assumption that the RAS is hemodynami-
cally significant, and that revascularization will improve blood 
pressure control, preserve renal function, or have a favorable 
impact on cardiovascular manifestations of severe hyperten-
sion. Accordingly, patient selection can be enhanced by identi-
fication of clear clinical syndromes that link RAS to reversible 
injury to the heart, brain, or kidneys; by demonstration that RAS 
causes renal hypoperfusion; and by assessment of baseline 
renal  parenchymal disease.

The best candidates for revascularization are patients with 
RAS, vital organ injury, renal hypoperfusion, and no underlying 
nephro pathy. Conversely, the worst patients for revascularization 
are those with RAS, advanced nephropathy, and normal renal 
perfusion.2 Vital organ injury includes functional impairment of 
the heart, brain, or kidneys attributable to renal artery stenosis; 
such  manifestations include hypertensive crisis (nonischemic  
 pulmonary edema, acute coronary syndrome (ACS), aortic dis-
section, or neurological impairment) and renal insufficiency 
(rising Cr due to ACEIs, bilateral ARAS and rising Cr or declining 
nuclear GFR, and  unilateral ARAS and fractional GFR ≤40%).

Patients with Renal Artery Stenosis 
and Refractory Hypertension
In patients with ARAS, refractory hypertension, and normal renal 
perfusion, it is reasonable to intensify the antihypertensive regi-
men, seek alternative etiologies for refractory hypertension, and 
follow patients clinically for development of vital organ injury. For 
patients with unilateral or bilateral ARAS, refractory hypertension, 
and objective evidence of renal hypoperfusion, revascularization 
is  reasonable if advanced baseline nephropathy is not present 
(Fig. 24-4). For patients with hypertension and renal FMD, PTA 
should be performed if patients do not respond to ACEIs or ARBs.2 
Additionally, such patients should undergo carotid duplex ultra-
sound and intracranial magnetic resonance angiography (MRA) 
or computed tomographic angiography (CTA), because carotid 
FMD and berry aneurysms of the circle of Willis are common.

Patients with Isolated Atherosclerotic  
Renal Artery Stenosis
In patients with unilateral or bilateral ARAS and no evidence of 
baseline nephropathy or cardiovascular injury, renal perfusion 
should be evaluated by noninvasive or invasive techniques. If renal 
perfusion is normal, revascularization is not indicated regardless 
of stenosis severity; such patients should be followed for develop-
ment of vital organ injury. If renal hypoperfusion is documented, 
such patients may be considered to have “unilateral” renal injury. 
This form of renal injury is not mentioned in existing guidelines 
and has not been studied in randomized controlled trials, but we 
generally consider such patients candidates for renal revascular-
ization to preserve renal function.2,4

LIMITATION STAR ASTRAL CORAL

N 140 806 1080

Exclude beneficiaries — Yes* Yes†

Assess perfusion No No No

Assess parenchymal disease No No No

Urine protein (mg/day) 140 550 500

RAS <70% 33% 40% NA

Baseline Cr (mg/dL) 1.7 2.0 <3.0

Major renal endpoint EGFR ↓ > 20% 1/Cr 2 × Cr

TABLE 24-4  Limitations of Randomized Controlled 
Trials of Renal Stenting

*Patients who were thought to benefit from renal revascularization were excluded.
†Patients with refractory hypertension and/or cardiovascular injury were excluded.
Cr, creatinine; EGFR, estimated glomerular filtration rate; NA = not available; RAS, renal artery 
stenosis.
From Bax L, Woittiez AJ, Kouwenberg HJ, et al: Stent placement in patients with  atherosclerotic 
renal artery stenosis and impaired renal function: a randomized trial. Ann Intern Med 150:840–
848, 2009; the ASTRAL Investigators: Revascularization versus medical therapy for renal artery 
stenosis. N Engl J Med 361:1953–1962, 2009; and Cooper CJ, Murphy TP,  
Matsumoto A, et al: Stent revascularization for the prevention of cardiovascular and renal 
events among patients with renal artery stenosis and systolic hypertension: rationale and 
design of the CORAL trial. Am Heart J 152:59–66, 2006.36
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Patients with Atherosclerotic Renal Artery 
Stenosis and Chronic Kidney Disease
Decisions regarding revascularization of patients with ARAS and 
renal dysfunction are often challenging.2 In general, patients with-
out renal hypoperfusion should not be revascularized. For patients 
with unilateral ARAS, renal hypoperfusion, and underlying nephro-
pathy, decisions regarding revascularization should be individual-
ized; revascularization may not improve renal function but might 
be beneficial if other cardiovascular injury is present. Patients with 
renal dysfunction and bilateral ARAS or ARAS of a solitary kidney 
may have global renal ischemia; such patients should be consid-
ered for renal revascularization unless advanced parenchymal dis-
ease is identified (Fig. 24-5). In nondiabetic patients who have been 
on dialysis for less than 1 year, it is reasonable to perform diagnostic 
testing for bilateral ARAS, since some may benefit from renal revas-
cularization and separate from dialysis.2,10

Type of Revascularization
Percutaneous revascularization is now widely accepted as the best 
technique for renal revascularization in most patients. For patients 
with refractory hypertension and FMD, PTA is preferred and results in 
renal artery patency rates of 90% at 10 years.30 Although PTA achieves 
excellent results in patients with FMD, stenting is the endovascular 
procedure of choice in patients with ARAS. Stenting in ARAS can 
be accomplished with procedural success rates exceeding 95%, 
major complications in less than 5%, and  restenosis in 10% to 15%.

Impact of Endovascular Revascularization 
on Hypertension
The impact of revascularization on hypertension depends on the 
type of RAS, presence of renal hypoperfusion, and degree of renal 
parenchymal disease.2 Although numerous observational  studies 
and two small randomized trials of PTA and medical therapy for 
ARAS demonstrated a significant decrease in blood pressure and 
fewer medications after PTA,9,20 a more recent randomized trial 
in hypertensive patients with ARAS showed no difference in out-
comes between PTA and medical therapy.24 Published studies  
on the impact of renal revascularization on hypertension have 
numerous limitations including inclusion of patients with 

 heterogeneous causes of hypertension, varying degrees of renal 
dysfunction, inconsistent techniques for revascularization, and 
ambiguous terminology and endpoints to assess clinical ben-
efit. For example, hypertension has been classified as “cured” 
(i.e., blood pressure is normal without the need for medication), 

FIGURE 24-4 A 70-year-old man with persistent hypertension despite four antihypertensive medications was diagnosed with bilateral renal 
artery stenosis (RAS) (A). Serum creatinine (Cr) was 1.7 mg/dL, and estimated glomerular filtration rate (GFR) was 39 mL/min/1.73 m2. Renal scan demonstrated 
symmetrical renal blood flow (49% to right kidney, 51% to left kidney), and measured GFR was 30 mL/min/1.73 m2. Urine collection revealed 500 mg protein in  
24 hours, and renal resistive index (RRI) was 82 bilaterally. Renal dimensions were 9.5 cm on the right and 10.0 cm on the left. Selective renal angiography showed 
extensive intrarenal arteriolar disease, including pruning of distal vessels, ill-defined renal pyramids, and poor cortical blood flow (B). Medical therapy was adjusted 
because of advanced parenchymal disease without renal intervention, and blood pressure normalized.

FIGURE 24-5 A 69-year-old man with persistent hypertension despite 
two antihypertensive medications was diagnosed with unilateral 
renal artery stenosis (RAS) by noninvasive imaging. Serum creatinine 
(Cr) was 1.1 mg/dL and estimated glomerular filtration rate (GFR) was 63.4 mL/
min/1.73 m2. Renal scan demonstrated abnormal renal perfusion (65% to right 
kidney, 35% to left kidney), and measured GFR was 80 mL/min/1.73 m2. There 
was no proteinuria, renal dimensions were 12.2 cm on the right and 11.0 cm 
on the left, and renal resistive index (RRI) was 62 bilaterally. Selective left renal 
arteriography confirmed severe left RAS and a normal intrarenal arteriolar 
pattern. Left renal artery stenting was performed because of hypoperfusion of left 
kidney and absence of parenchymal disease. Two years later, measured GFR was  
86 mL/min/1.73 m2 (53% to right kidney, 47% to left kidney), consistent with 
sustained improvement in renal blood flow.
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improved (number or dose of medications is reduced, blood pres-
sure is better  controlled, or both), or unchanged. Interpretation of 
data is limited by the uncertain clinical relevance of these clas-
sification groups. Furthermore, there are several potential reasons 
why renal artery revascularization for ARAS may not result in dra-
matic improvement or cure of hypertension. First, many patients 
with ARAS probably have essential, not renovascular hypertension. 
Experimental Goldblatt models demonstrate renin-angiotensin 
activation due to RAS, but hypertension in humans is more com-
plex than indicated by these models.31 Hypertension in ARAS may 
be confounded by the presence of sympathetic and cerebral ner-
vous system activation, vasoactive oxygen species, abnormalities 
in  endothelial-dependent relaxation, and ischemic and hyper-
tensive intrarenal injury.32 A more complex milieu than suggested 
by Goldblatt  models is suggested by similar degrees of renin acti-
vation in hypertensive patients with and without ARAS and 
by the low cure rates demonstrated after successful revascular-
ization. Second, many patients with hypertension have intrarenal 
parenchymal disease, leading to hypertensive nephropathy and 
 self-perpetuating hypertension. In these patients, hypertension is 
sustained by intrarenal mechanisms including increased sympa-
thetic nerve activity, renin-angiotensin system activity, and impaired 
sodium excretion regardless of patency of the proximal renal artery.

Despite these limitations, it is apparent that hypertension is more 
likely to be cured after revascularization in patients with FMD 
than in those with ARAS (75% vs. < 20%), regardless of the type of 
revascularization.20,30 With respect to differences in unilateral and 
bilateral ARAS, one study suggested that improvement in hyperten-
sion after renal stenting was more likely in the presence of severe 
bilateral ARAS and severe baseline hypertension (mean arterial 
pressure >110 mmHg),33 especially when parenchymal disease is 
absent.9,34 A contemporary study reports substantial improvement 
in blood pressure when renal hypoperfusion was sought and cor-
rected by renal stenting.8

Impact of Revascularization on Renal 
Function
Observational studies suggest that renal artery revascularization can 
stabilize or improve renal function (Fig. 24-6). Surgical revasculari-
zation results in significant improvement in postoperative total- and 
single-kidney nuclear GFR, a slower decline in GFR, and improve-
ments in renal dimensions and hyperconcentration of urinary 
 creatine. Improvement in renal function after stenting occurred in 
8% to 22% of patients in a systematic review,18 and 20 of 22 cohort 
studies reported improvement or stabilization of renal function.

In contrast to these observational data, five prospective random-
ized trials of renal revascularization failed to demonstrate improve-
ment in renal outcomes after intervention.19,20,22–24 Interpretation of 
these studies is confounded by failure to assess renal perfusion 
and the extent of baseline nephropathy prior to revasculariza-
tion. Additionally, these studies relied on reciprocal serum Cr or 
 creatinine-based GFR estimates as major renal endpoints, which 
have been shown to be unreliable for serial assessment of renal 
function in ARAS patients.11 Taken collectively, these studies  suggest 
that patient selection for revascularization of ARAS that is based on 
the oculostenotic reflex, and without assessment of renal ischemia 
and parenchymal disease, is likely not beneficial.

Impact of Revascularization  
on Cardiovascular Outcome
Understanding the impact of renal revascularization on long-
term outcome is hampered by selection bias and poorly designed 
 randomized controlled trials. The survival of medically treated 
patients with renovascular disease has not been defined, but 
most late deaths are due to cardiovascular events rather than pro-
gressive renal failure. After revascularization, predictors of 5- and 
10-year mortalities include age older than 60 years, CAD, baseline 
renal insufficiency, and persistent elevation of postoperative cre-
atinine. Baseline Cr above 1.5 mg/dL is the strongest independent 
predictor of late mortality at 4 years (relative risk [RR] 5.0); is a 
stronger correlate of late mortality than diabetes (RR 2.5) or age 
older than 70 years (RR 1.9); and is associated with a greater risk of 
deterioration in renal function.35 Together, these data suggest that 
elderly patients with advanced generalized atherosclerosis, mani-
fested by occlusive diseases in multiple vascular beds and base-
line renal insufficiency, have a worse prognosis than patients with 
limited atherosclerosis and normal renal function. These data also 
suggest that the outcomes of renal revascularization are better 
when revascularization is performed before the development of 
advanced parenchymal disease.

To address the impact of renal artery revascularization on over-
all cardiovascular outcomes, best medical therapy alone is being 
compared to medical therapy plus stenting in the CORAL trial 
(Cardiovascular Outcomes with Renal Atherosclerotic Lesions). 
Enrollment of approximately 1100 randomized patients is expected 
by 2012, and the primary endpoint is a composite of death, myo-
cardial infarction (MI), stroke, hospitalization for congestive heart 
failure, need for renal replacement, and doubling of serum Cr at 
5 years.36

Conclusions
Patients with true renin-dependent (renovascular) hyperten-
sion are typically young or middle-aged females with FMD. Initial 
therapy for renovascular hypertension associated with FMD is 
an ACEI; refractory hypertension responds readily to PTA with-
out stenting. In contrast, ARAS is highly prevalent among elderly 
patients with other manifestations of atherosclerosis, and fre-
quently results from in-growth of atherosclerotic plaque from 
the abdominal aorta, compromising the ostium of the renal 
artery. In elderly patients with generalized atherosclerosis and 
ARAS, hypertension is usually not renin-dependent (i.e., essen-
tial hypertension). Because renal revascularization rarely cures 
hypertension, these patients should be treated aggressively with 
antihypertensive medical therapy. Patients with ARAS, hyperten-
sion, and functional impairment of the heart, brain, or kidneys 
should be considered for renal revascularization. Patients with 
renal hypoperfusion should be treated before the development 
of advanced renal failure and ischemic nephropathy. The best 
candidates for revascularization are those with baseline serum 
Cr less than 2.0 mg/dL, bilateral ARAS, normal renal resistive indi-
ces, no proteinuria, and one or more manifestations of cardiac, 
cerebral, or renal functional impairment. In these patients, renal 
revascularization is best accomplished by stenting.
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FIGURE 24-6 Relationship of reciprocal serum creatinine (Cr) 
concentration over time in patient with ischemic nephropathy treated by 
stenting. In the 600 days prior to revascularization, renal function deteriorated 
progressively. After stenting, the slope of the reciprocal Cr relationship is zero, 
suggesting stabilization of renal function. (Reproduced with permission from 
Harden PN, MacLeod MJ, Rodger RS, et al: Effect of renal artery stenting on progression 
of renovascular renal failure. Lancet 349:1133, 1997.)26
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C H A P T E R  25  Surgical Management  
of Atherosclerotic Renal Artery 
Disease
Billy G. Chacko, William B. Newton III, Kimberley J. Hansen

The introduction of new, more potent antihypertensive agents 
and percutaneous endovascular techniques has influenced surgi-
cal intervention for atherosclerotic renal artery disease (ARAS).1 
Many physicians currently limit surgical intervention to severe 
hypertension despite maximal medical therapy, or disease patterns 
not  amenable to percutaneous transluminal renal artery angio-
plasty (PTRA), or renovascular disease associated with excretory 
renal insufficiency (i.e., ischemic nephropathy). As a result, the 
patient population selected for operative management is often 
 characterized by bilateral ostial renal artery stenosis (RAS) or occlu-
sion (85%) superimposed on diffuse extrarenal atherosclerotic  
disease (91%) in combination with renal insufficiency (60%).1–3

Although there are several operative methods that can correct 
ARAS, no single technique is clearly superior. Optimal methods of 
operative renal reconstruction vary with the patient, pattern of renal 
artery disease, and clinical significance of associated aortic lesions.

Prevalence, Evaluation, and Diagnosis
Prevalence
As discussed in Chapter 23, it has long been recognized that ana-
tomical renal artery disease may be clinically silent. Conversely, 
the disease may account for 3% of hypertension within the  general 
population. Of patients presenting for chronic renal replacement 
therapy, 10% to 20% have renal artery disease.4–6 Although its prev-
alence in patients with mild hypertension is low, renovascular dis-
ease is frequently present in patients with severe hypertension. 
Dietch et al. found that 50% of patients aged 60 years or older 
with diastolic blood pressure 104 mmHg or higher demonstrated 
significant RAS or occlusion.5 When these  characteristics were 
associated with serum creatinine (SCr) greater than 2.0 mg/dL, 
the prevalence of renal artery  disease increased to 70%. Half of 
these latter patients demonstrated  bilateral renal artery disease.

These data suggest that the probability of finding clinically sig-
nificant renal artery disease varies directly with the patient's age, 
severity of hypertension, and severity of renal insufficiency. With 
this in mind, we recommend evaluation for renovascular disease in 
all persons with severe hypertension, especially when severe hyper-
tension is found in combination with excretory renal insufficiency.

Evaluation
Through continued improvements in software and probe design, 
renal duplex ultrasonography is an accurate and reliable method 
to identify hemodynamically significant renal atherosclerotic 
disease.7,8 The examination poses no risk to residual excretory 
renal function, and overall accuracy is not affected by concom-
itant  aortoiliac disease. In addition, preparation is minimal (an 
overnight fast), and there is no need to alter antihypertensive 
medications.

When evaluating for renovascular renal insufficiency, a negative 
renal duplex ultrasound examination effectively excludes isch-
emic nephropathy because the primary consideration is global 
renal ischemia based on main renal artery disease affecting both 
kidneys. When screening for renovascular hypertension, however, a 
negative duplex ultrasound examination does not reliably exclude 
surgical disease due to stenotic accessory arteries or branch renal 
artery disease.7 Despite enhanced recognition of multiple arteries 

by color Doppler flow, only 40% of these accessory renal vessels 
are currently identified by renal duplex ultrasound examination.

Aortography and renal angiography may be indicated after a 
positive duplex ultrasound study in selected patients. Patients 
with severe hypertension and negative or nondiagnostic duplex 
ultrasound examinations, especially children and young adults, 
should also undergo angiography. Diagnostic digital subtrac-
tion angiography (DSA) can be performed with minimal risk in 
an outpatient setting. In planning open operative therapy, imag-
ing includes  lateral aortography to evaluate the mesenteric ves-
sels. Concurrent  mesenteric artery disease was identified in 50% 
of patients with significant RAS in an angiographic case series 
of U.S. veterans.9 In an elderly population-based cohort, the 
authors identified a significant and independent  association of 
 mesenteric artery stenosis with renal artery stenosis.10 Concurrent 
 mesenteric artery disease has bearing on the use of splanchno-
renal reconstruction.

Diagnosis
When a unilateral renal artery lesion is confirmed in an adult 
patient with severe hypertension, its functional significance 
should be defined. Unfortunately, measurement of renal vein 
renin does not have great value when severe bilateral disease 
or disease to a solitary kidney is present. Therefore, the decision 
for empirical intervention is based on severity of the renal artery 
lesions,  severity of hypertension, and degree of associated renal 
insufficiency. In the latter instance, issues determining recovery 
of excretory renal function in patients with ischemic nephrop-
athy remain ill-defined. Our center's experience with over 240 
patients with severe hypertension (mean, 201/104 mmHg) and 
a preoperative SCr of 1.8 mg/dL or greater has demonstrated a 
significant association between improved renal function after 
operative intervention and the site of renal artery disease, extent 
of  renovascular repair, and rate of decline in preoperative renal 
function.1,2,11–15 Complete renal artery repair after a rapid decline 
in excretory renal function is associated with the best oppor-
tunity for recovery of renal function.11,12,14 Most importantly, 
improved renal function after operation is the primary determi-
nant of dialysis-free survival among patients with preoperative 
ischemic nephropathy.14

Surgical repair of unilateral renal artery disease may be 
 appropriate as a combined aortic procedure in the absence of 
functional studies (e.g., renal vein renin assay) when hypertension 
is severe, the patient does not have significant risk factors for oper-
ation, and the probability of technical success is certain (>99%). 
In these circumstances, correction of a renal artery lesion may be 
justified to eliminate all possible causes of hypertension and renal 
dysfunction. Because the probability of blood pressure benefit is 
lower in such a patient, morbidity from the procedure must also be 
predictably low.3,16

When a patient has bilateral RAS and hypertension, the surgi-
cal decision to intervene is based on severity of the renovascular 
lesions and degree of hypertension.2,16 If the pattern of renal artery 
disease consists of severe stenosis on one side and only mild or 
moderate disease on the contralateral side, the patient is treated as 
though only a unilateral lesion exists. If both renal arteries have only 
moderately severe disease (65%-80%  diameter-reducing stenosis), 
renal revascularization is undertaken only if hypertension is severe. 
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In contrast, if both renal artery lesions are severe (>80% stenosis) 
and the patient has resistant hypertension despite medical therapy, 
bilateral simultaneous renal revascularization is performed.

Furthermore, at least mild excretory renal insufficiency is often 
present. Because renal insufficiency usually parallels the severity 
of hypertension, a patient who presents with severe renal insuffi-
ciency but only mild to moderate hypertension usually has renal 
parenchymal disease. Characteristically, renovascular hypertension 
associated with severe renal insufficiency or dialysis dependence 
is associated with very severe bilateral stenoses or total renal artery 
occlusions.2,14 When considering repair of renal artery disease, one 
should evaluate the clinical status with respect to this characteris-
tic presentation.

Management Options
Management of renal artery disease discovered incidentally dur-
ing evaluation of cardiac, aortoiliac, or infrainguinal disease is 
controversial. In this setting, the decision must address the need 
for additional diagnostic tests and the decision whether or not to 
perform combined intervention. Advocates for combined inter-
vention frequently cite “natural history” data (Table 25-1) that 
 suggest atherosclerotic lesions of the renal artery frequently prog-
ress and progression is associated with irretrievable decline in 
kidney size and function. Recent experience, however, disputes 
this view. In an 8-year follow-up study of Cardiovascular Health 
Study participants,27 no individual with hemodynamically sig-
nificant RAS at baseline demonstrated progression on  follow-up. 
Renal artery stenosis at baseline was not associated with a 
decline in kidney size or function. In the absence of renovascular 
hypertension or insufficiency (i.e., ischemic nephropathy), these 
prospective data suggest that incidental renovascular disease 
should not be submitted to intervention by any method. This con-
clusion is supported by the retrospective experience reported by 
Williamson et al.28

No prospective randomized clinical trial compares medical 
management, percutaneous renal angioplasty with stent, and sur-
gical reconstruction in patients with atherosclerotic renovascular 
disease (also see Chapter 24). In patients with functionally signifi-
cant renal artery lesions and severe hypertension, contemporary 
results of operative management argue for a selective approach 
toward renal artery intervention.1,2 Whether by open surgical repair 
or catheter-based methods, indications for intervention are the 
same. These include all patients with severe or difficult-to-control 
hypertension, especially when associated with renal insufficiency. 

Patient age, type of lesion, medical comorbidity, and concomitant 
aortic disease must be considered in selecting patients for open 
surgical or endovascular management. In the complete absence 
of hypertension, renal artery intervention is not recommended by 
any method.

Operative Management
GENERAL ISSUES

The presence of severe hypertension is considered a prerequi-
site for renal artery intervention. In general, functional studies 
are used to guide management of unilateral lesions. Empirical 
renal artery repair is performed without functional studies when 
hypertension is severe and renal artery disease is bilateral or the 
patient has ischemic nephropathy.1,12,14 Accordingly, prophylac-
tic renal artery repair in the absence of hypertension, whether as 
an isolated operative or catheter-based procedure or combined 
with aortic reconstruction, is not recommended. With the excep-
tion of disease requiring bilateral ex vivo reconstructions that are 
staged, all hemodynamically significant renal artery disease is cor-
rected in a single operation. Having observed beneficial blood 
pressure and renal function response regardless of kidney size or 
histological pattern on renal biopsy, nephrectomy is reserved for 
 unreconstructible renal artery disease to a nonfunctioning kidney 
(i.e., <10% function by reno graphy).3,7,12,14 Direct aortorenal recon-
structions are preferred over indirect methods because concomi-
tant disease of the celiac axis is present in 40% to 50% of patients, 
and bilateral renal artery repair is required in 50%.3,9 Failed surgical 
repair is associated with a significant and independent increased 
risk of eventual dialysis dependence.3 To minimize these failures, 
intraoperative duplex ultrasound is used to evaluate the technical 
results of surgical repair.29

PREOPERATIVE PREPARATION

Antihypertensive medications are reduced during the preop-
erative period to the minimum necessary for blood pressure 
 control. Patients requiring large doses of multiple medications 
will often have reduced requirements while hospitalized on bed 
rest. If continued therapy is required, vasodilators and selective 
β-adrenergic blocking agents are the drugs of choice. If an adult's 
diastolic blood pressure exceeds 120 mmHg, operative treatment 
is  postponed until the pressure is brought under control. In this 
instance, intravenous (IV) therapy is administered in an intensive 
care setting.
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Wollenweber17 1968  109 252 42 59 — Angiography

Meaney18 1968  39  78 34 36  4 Angiography

Dean19 1981   41  — 44 17  12 Angiography

Schreiber20 1984  85 126 52 44   11 Angiography

Tollefson21 1991  48  — 54 53*  9* Angiography

Zierler22 1996  76 132 32 20  7 Duplex ultrasound

Webster23 1998  30  — — 13†  0† Angiography

Crowley24 1998 1178  — 30 11  0.3 Angiography

Caps25 1998  170 295 33 31  3 Duplex ultrasound

van Jaarsveld26 2000  50 100 12 20  5 Angiography

TABLE 25-1 Natural History Studies of Atherosclerotic Renal Artery Stenosis

*Percent of renal arteries with baseline stenosis or stenosis in follow-up.
†Of eight patients with serial angiography.
From Edwards MS, Hansen KJ: Combined aortorenal reconstruction. In Green RM, editor: Complex aortic surgery, New York, 2008, Informa Healthcare.
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OPERATIVE TECHNIQUES

A variety of operative techniques have been used to treat renal 
artery atherosclerosis. From a practical standpoint, the three 
basic operations that have been most frequently used are aortore-
nal bypass, renal artery thromboendarterectomy, and renal artery 
reimplantation. Although each method may have its proponents, 
no single approach provides optimal repair for all types of renal 
artery disease. Aortorenal bypass, preferably with saphenous vein, 
is probably the most versatile technique. However, thromboendar-
terectomy is especially useful for ostial atherosclerosis involving 
multiple renal arteries. When the artery is sufficiently redundant, 
reimplantation is probably the simplest technique and one par-
ticularly appropriate for combined repairs of aortic and renal 
pathology.

Certain measures are used in almost all renal artery operations. 
Mannitol is administered IV in 12.5-g doses early, and repeated 
before and after periods of renal ischemia, up to a total dose of 
1 g/kg patient body weight. Just prior to renal artery occlusion, a 
bolus of 100 units of heparin per kilogram body weight is given 
intravenously, and systemic anticoagulation is verified by activated 
clotting time. Unless required for hemostasis, protamine is not rou-
tinely administered for reversal of heparin at completion of the 
operation.

Aortorenal Bypass

The most common method of revascularization is aortorenal 
bypass (Fig. 25-1). Three types of material are available for con-
duit: autologous saphenous vein, autologous hypogastric artery, 
and prosthetic grafts. The choice of conduit depends on a num-
ber of factors. In adults, we preferentially use the saphenous vein. 
However, if the vein is small (<4 mm in diameter) or sclerotic, the 
hypogastric artery or a synthetic prosthetic graft may be preferable. 
A 6-mm, thin-walled polytetrafluoroethylene (PTFE) graft is satis-
factory when the distal renal artery is of large caliber (≥4 mm) and 
provides long-term patency equivalent to that of saphenous vein.

Thromboendarterectomy

In cases of bilateral atherosclerosis of the renal artery origins, 
simultaneous bilateral endarterectomy may be the most appropri-
ate procedure. Although endarterectomy may be performed in a 
transrenal fashion, the transaortic technique is used in the major-
ity of instances. The transaortic method is particularly applicable 
in patients with multiple renal arteries that demonstrate orificial 
disease. Transaortic endarterectomy is performed through a lon-
gitudinal aortotomy, with sleeve endarterectomy of the aorta and 
eversion endarterectomies of the renal arteries (Fig. 25-2). When 
combined aortic replacement is planned, the transaortic endar-
terectomy is performed through the transected aorta (Fig. 25-3). 
When using the transaortic technique, it is important to mobilize 
the renal arteries extensively to allow eversion of the vessel into the 
aorta. This allows the distal endpoint to be completed under direct  
vision.

Renal Artery Reimplantation

After the renal artery has been dissected from the surrounding  
retroperitoneal tissue, the vessel may be somewhat redundant. 
When the RAS is orificial and there is sufficient vessel length, the 
renal artery can be transected and reimplanted into the aorta at a 
slightly lower level. The renal artery must be spatulated and a por-
tion of the aortic wall removed, as in renal artery bypass.

Splanchnorenal Bypass

Splanchnorenal bypass and other indirect procedures are also used 
as alternative methods for renal revascularization.30 In general, the 
authors do not believe these procedures demonstrate long-term 
patency equivalent to direct aortorenal reconstructions, but they 
are useful in a selected subgroup of high-risk patients. Subcostal 
incisions are used to perform splanchnorenal bypass.30 The right 
and left renal arteries are exposed through medial  visceral rota-
tion. A great saphenous vein (GSV) graft is typically used to con-
struct the bypass. Occasionally the gastroduodenal artery on the 

A

B

C

D

FIGURE 25-1 Technique for end-
to-side (A-C) and end-to-end 
(D) aortorenal bypass grafting. 
Length of arteriotomy is at least three 
times diameter of artery to prevent 
recurrent anastomotic stenosis. For the 
anastomosis, 6-0 or 7-0 monofilament 
polypropylene sutures are used in 
continuous fashion under loupe 
magnification. If apex sutures are placed 
too deeply or with excess advancement, 
stenosis can be created, posing risk of 
late graft thrombosis. (From Benjamin 
ME, Dean RH: Techniques in renal artery 
reconstruction: part I. Ann Vasc Surg 
10:306–314, 1996.)
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FIGURE 25-2 Exposure for longitu-
dinal transaortic endarterectomy is 
through standard transperitoneal 
approach. Duodenum is mobilized 
from the aorta laterally in standard 
fashion or, for more complete exposure, 
ascending colon and small bowel are 
mobilized. A, Dotted line shows location 
of aortotomy. B, Plaque is transected 
proximally and distally, and with eversion 
of renal arteries, atherosclerotic plaque 
is removed from each renal ostium. 
Aortotomy is typically closed with a 
running 4-0 or 5-0 polypropylene suture. 
IMA, inferior mesenteric artery; SMA, 
superior mesenteric artery. (From Benjamin 
ME, Dean RH: Techniques in renal artery 
reconstruction: part I. Ann Vasc Surg 10:306–
314, 1996.)

A B

SMA

SMA

Lft. renal a.

IMA
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C
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FIGURE 25-3 For aortic repair combined with bilateral ostial stenosis of renal arteries, thromboendarterectomy is most commonly performed 
through the divided aorta. (With permission from Edwards MS, Cherr GS, Hansen KJ: Treatment of renovascular disease: surgical therapy. In Hallet JW, Mills JL, Earnshaw J, 
Reekers JA, editors: Comprehensive vascular and endovascular surgery, Edinburgh, 2004, Mosby.)
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right and splenic artery on the left can be transected and anasto-
mosed directly to the renal artery.

Ex Vivo Reconstruction

Operative strategy for renal artery branch vessel repair is deter-
mined by the required exposure and anticipated period of renal 
ischemia. When reconstruction can be accomplished with less 
than 30 minutes of ischemia, an in situ repair is undertaken with-
out special measures for renal preservation (Fig. 25-4). When 
 longer periods of ischemia are anticipated, one of two techniques 
for hypothermic preservation of the kidney are considered. These 
techniques include renal mobilization without renal vein transec-
tion and ex vivo repair and anatomical replacement in the renal 
fossa. Ex vivo management is necessary when extensive exposure 
will be required for extended periods. For atherosclerotic renovas-
cular disease, ex vivo techniques are most commonly required for 
branch renal artery repair after failed or complicated PTRA.

INTRAOPERATIVE DUPLEX ULTRASONOGRAPHY

Provided the best method of reconstruction is chosen for 
renal artery repair, the short course and high blood flow rates 
characteristic of renal reconstruction favor long-term patency. 
Consequently, flawless technical repair plays a dominant role in 
determining postoperative success. Intraoperative duplex ultra-
sonography provides a rapid, safe method of verifying techni-
cally flawless repair.29 Because the ultrasound probe can be 
placed immediately adjacent to the vascular repair, high carrying 
frequencies may be used that provide excellent B-scan detail sen-
sitive to less than 1-mm anatomical defects. Once imaged, defects 
can be viewed in multiple projections during conditions of unin-
terrupted pulsatile blood flow. Intimal flaps not apparent during 
static conditions are easily imaged while avoiding the adverse 
effects of additional renal ischemia. In addition to excellent ana-
tomical detail, important hemodynamic information is obtained 
from spectral analysis of the Doppler-shifted signal proximal and 
distal to the imaged defect.29 Our technique of intraoperative 

assessment with routine participation of a vascular technologist 
has yielded a scan time of 7 to 10 minutes and a 98% study com-
pletion rate.31

We have studied more than 800 renal artery repairs with ana-
tomical follow-up evaluation and reported on a subgroup of 249 
repairs.32 Intraoperative assessment was normal in 157, whereas 
84 repairs (35%) demonstrated one or more defects by ultra-
sound imaging. Twenty-five of these defects (10%) had focal 
increases in peak systolic velocity (PSV) of 2.0 ms or greater with 
turbulent distal waveform and were defined as major. Each major 
defect prompted immediate operative revision, and in each case 
a significant defect was discovered. Ultrasound defects defined 
as minor were not repaired. At 12-month follow-up, renal artery 
patency free of critical stenosis was demonstrated in 97% of nor-
mal studies, 100% of minor defects, and 88% of revised major 
defects, providing an overall patency of 97%. Among the five fail-
ures with  normal ultrasound studies, three occurred after ex vivo 
branch renal artery repair.

Results of Surgical Management
Marone et al. reported on operative management for isch-
emic nephropathy due to ARAS.33 Ninety-six patients under-
went 104 renal artery revascularizations between 1990 and 2001. 
Perioperative mortality was 4.1%. Perioperative morbidity occurred 
in 5% of patients. After open surgical repair, 42% of their patients 
demonstrated improved early renal function (defined as ≥20% 
decrease in SCr), 17% experienced a 20% or more increase in SCr, 
and the remaining 41% exhibited no significant change. Improved 
renal function was durable among surgical survivors at a mean 
follow-up of 46 months, whereas 28% developed worsened func-
tion, and 39% remained unchanged. These authors noted that early 
renal function response was an accurate predictor of long-term 
survival.

The results of Marone et al. are similar to those from the authors’ 
center. From January 1987 through December 1999, 626 patients 

A

Chilled solution

Rt. kidney

Plastic bag

B

C

FIGURE 25-4 A, An ellipse of vena 
cava containing renal vein origin 
is excised by placement of a large, 
partially occluding clamp. After ex vivo 
branch repair, renal vein can then be 
reattached without risk of anastomotic 
stricture. B, Kidney is repositioned 
in its native bed after ex vivo repair. 
Gerota fascia is reattached to provide 
stability to replaced kidney. Arterial 
reconstruction can be accomplished 
via end-to-end anastomoses (as here) 
or occasionally with a combination 
of end-to-end and end-to-side anas-
tomoses (C). (From Benjamin ME, 
Dean RH: Techniques in renal artery 
reconstruction: part II. Ann Vasc Surg 
10:409–414, 1996.)



320

CH 
25

had operative renal artery repair at our center.2 Overall, 254 women 
and 246 men (mean age, 65 ± 9 years) underwent repair for ath-
erosclerotic renovascular disease. Their mean blood pressure was 
200 ± 35/104 ± 21 mmHg, with a mean duration of hypertension 
of 10 years. Preoperative mean and median SCr was 2.6 mg/dL 
and 1.7 mg/dL, respectively, with a mean estimated glomerular fil-
tration rate (EGFR) of 40.5 ± 23.2 mL/min/m2. As a group, patients 
with atherosclerosis had widespread extrarenal disease, with 70% 
demonstrating at least one manifestation of cardiac disease, and 
32% a history of cerebrovascular disease. Overall, 90% of patients 
exhibited some clinical manifestation of extrarenal atherosclero-
sis. Evidenced by SCr 1.8 mg/dL or greater, 49% were considered 
to have ischemic nephropathy, including 40 patients who were 
 dialysis dependent.

Among 720 renal artery reconstructions, aortorenal bypass was 
performed in 384 instances, with 204 vein grafts, 159 PTFE grafts, and 
21 Dacron prosthetic grafts. Splanchnorenal bypass was  performed 
in 13 instances. Renal artery reimplantation was performed in 
56 instances, whereas renal artery thromboendarterectomy was 
performed in 267 instances. Revascularization was combined with 
aortic or mesenteric reconstruction in 41% of patients. Of the 776 
kidneys that were operated on, 56 required nephrectomy.

Perioperative mortality, defined as in-hospital death or death 
within 30 days of surgery, occurred in 23 patients (4.6%). This figure 
was comparable to reports from other centers with a large expe-
rience in renovascular disease.34 All but one death occurred fol-
lowing bilateral renal artery reconstruction or renal reconstruction 
combined with simultaneous aortic or mesenteric artery repair. 
Mortality following isolated renal artery repair (0.8%) differed sig-
nificantly from mortality following combined or bilateral repair 
(6.9%). Perioperative mortality was significantly and independently 
associated with advanced age and congestive heart failure (CHF).

Blood pressure measurements and medication requirements 
at least 1 month after operative intervention were used to define 
blood pressure response.3 Among all surgical survivors, 85% were 
cured or improved, and 15% were considered failed. When com-
pared with blood pressure improved or failed, blood pressure 
cure was significantly and independently associated with an 
improved dialysis-free survival. Although improved blood pressure 
was associated with significant postoperative decreases in mean 
blood pressure and medication requirements (205/107 mmHg 
vs. 147/81 mmHg, and 2.8 vs. 1.7 medications), improved blood 
pressure was not associated with increased dialysis-free survival. 
Product-limit estimates of dialysis-free survival according to post-
operative blood pressure response are depicted in Figure 25-5.

Considering all surgical survivors, renal function increased 
significantly after operation (preoperative vs. postoperative 
mean EGFR, 41.1 ± 23.9 mL/min/m2 vs. 48.2 ± 25.5 mL/min/m2  
[P <0.0001]). For individual patients, a significant change in 
excretory renal function was defined as a change in EGFR of 20% 
or more obtained at least 3 weeks after repair. Some 58% of patients 
with ischemic nephro pathy (preoperative SCr ≥1.8 mg/dL) were 
improved, including 28 patients who were removed permanently 
from dialysis; 35% remained unchanged, and 7% had worsened 
renal function.2,14,31 When patients were selected for surgery based 
on severe hypertension and rapidly deteriorating renal function, 
the proportion of patients who improved increased with increas-
ing severity of preoperative renal dysfunction. Among dialysis-
dependent patients, 70% were permanently removed from dialysis. 
This association with increased preoperative SCr and improved 
postoperative renal function was significant (P <0.0001).

Success after renal artery intervention is measured by survival 
free of dialysis dependence. Freedom from death or dialysis was 
significantly and independently associated with cured compared 
with improved or unchanged hypertension. Freedom from dialysis 
was also significantly and independently associated with improved 
compared with unchanged or worsened postoperative renal 
 function. Preoperative factors significantly and independently 
associated with death or dialysis included diabetes  mellitus, severe 
aortic occlusive disease, and poor preoperative renal function.

The relationship between each category of renal function 
response and dialysis-free survival demonstrated significant inter-
actions with preoperative renal function. An increased risk of death 
or dialysis was observed for all patients if there was no improve-
ment in postoperative renal function (Fig. 25-6A).2 For patients with 
unchanged renal function following surgery, an increased risk of 
death or dialysis was significantly associated with a preoperative 
renal function at the 25th percentile of EGFR or less (i.e., with isch-
emic nephropathy). These relationships are shown for predicted 
dialysis-free survival for 25th percentile and median values of pre-
operative EGFR according to postoperative renal function response 
(see Fig. 25-6).2

These associations between renal function response and 
 dialysis-free survival suggest that the designation of renal function 
unchanged after intervention as “preserved” may be misleading. 
Patients with ischemic nephropathy unchanged after open surgi-
cal repair remain at increased risk for death or dialysis. Similar 
data relating renal function response and survival free from  dialysis 
after catheter-based intervention are not currently available.

Consequences of Operative Failures
Renal artery repairs failed in approximately 4% of patients dur-
ing follow-up.3 Blood pressure response after secondary  operative 
intervention was equivalent to that observed after primary 
 operative intervention. However, patients requiring secondary 
renal artery intervention had a significant and independent risk 
of eventual dialysis dependence (35% vs. 4%).3 To date, no peer-
reviewed report has examined the dialysis risk associated with 
restenosis after catheter-based interventions.

Our experience with failed renal artery repairs reinforces two 
important issues. First, the irretrievable loss of excretory renal func-
tion observed after failed renal artery repair supports the view that 
renal revascularization should be performed for clear clinical indi-
cations, not as a “prophylactic” procedure in the absence of either 
hypertension or renal insufficiency.2,13,16 Second, direct aortorenal 
reconstructions in these patients are characterized by prolonged 
patency. Early failures of repair reflect errors in surgical technique 
or operative judgment.
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Perioperative Survivors: Product–Limit Estimates
of Time to Death or Dialysis (N = 472)

Stratified by Blood Pressure Response to Operation
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FIGURE 25-5 Product-limit estimates of time to death or dialysis 
according to blood pressure response to operation. (From Cherr GS, Hansen 
KJ, Craven TE, et al: Surgical management of atherosclerotic renovascular disease. J 
Vasc Surg 35:236–245, 2002.)
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Surgery After Failed Percutaneous 
Transluminal Renal Artery Angioplasty
Our experience with 29 atherosclerotic patients repaired after a 
failed PTRA has been reported.35 We examined the influence of 
failure of PTRA on methods of secondary surgical management, 
and blood pressure and excretory renal function response to 
operation.

Secondary operative repair was considered complicated in more 
than half of these patients. In all, four nephrectomies were required. 
Branch renal artery reconstruction was required in two thirds of 
patients. Hypertension after operative repair for failed PTRA was 
cured in 7%, improved in 50%, and considered unchanged in 43%. 
Compared with patients treated by operative repair only, operative 
management following failed PTRA was associated with blood 
pressure benefit (57% vs. 89% benefited [P <0.001]).

Summary
With proper patient selection, operative repair of atherosclerotic 
renovascular disease results in both improved blood pressure 
and renal function. Improvement in renal function is associated 
with a significant increase in dialysis-free survival independent 
of all other covariates. The application of intraoperative duplex 
ultrasonography to assess renal artery reconstruction results in 
long-term primary patency exceeding 96%. However, when fail-
ure of operative repair occurs, eventual renal function is wors-
ened, culminating in an increased risk of dialysis dependence 
and death.

Percutaneous transluminal angioplasty with or without stenting 
offers blood pressure benefit similar to operative repair for non-
ostial atherosclerotic lesions of the main renal artery. However, 
cumulative data for ostial lesions associated with ischemic 
nephropathy suggest that PTRA with or without endoluminal stent-
ing yields inferior renal function benefit. The common practice 
of reporting unchanged renal function as “preserved” or “stabi-
lized” after renal artery intervention may be misleading. Patients 
with ischemic nephropathy unchanged after open surgical repair 

remain at increased risk for eventual dialysis dependence and 
death.2,12,14 For these reasons, the authors recommend open opera-
tive repair of bilateral ostial atherosclerosis and renal artery occlu-
sion associated with severe hypertension and renal insufficiency 
in good-risk patients.
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C H A P T E R  26  Epidemiology and Pathophysiology 
of Mesenteric Vascular Disease
Rachel C. Danczyk, Gregory J. Landry, Gregory L. Moneta

Severe acute intestinal ischemia results from sudden  symptomatic 
reduction in intestinal blood flow of sufficient magnitude to poten-
tially result in intestinal infarction.1 Acute ischemia of the small 
bowel and/or right colon may result from mesenteric arterial occlu-
sion (embolus or thrombosis), mesenteric venous occlusion, and 
nonocclusive processes, especially vasospasm (Fig. 26-1). Isolated 
dissections of the superior mesenteric artery (SMA), either in asso-
ciation with cystic medial degeneration of the arteries or, more 
commonly, as progression of an existing dissection in the descend-
ing thoracic aorta into the SMA and celiac artery, may also result 
in acute intestinal ischemia.

Acute Arterial Occlusive Mesenteric 
Ischemia
Acute Mesenteric Arterial Embolism
Roughly 25% of all cases of acute mesenteric ischemia are due 
to emboli to the SMA, 25% of cases are due to thrombosis of pre-
existing atherosclerotic lesions, and the remaining 50% are due to 
a variety of other etiologies.2 Mesenteric emboli can originate from 
left atrial or ventricular mural thrombi or from cardiac  valvular 
lesions.1 These thrombi are most often associated with cardiac 
dysrhythmias such as atrial fibrillation, global myocardial dysfunc-
tion with poor ejection fraction, or discrete hypokinetic regions 
 produced by previous myocardial infarction (MI).3 About 15% of 
emboli lodge at the origin of the SMA, but the majority lodge 3 
to 10 cm  distally in the tapered segment of the SMA just past the 
origin of the middle colic artery.2 More than 20% of emboli to the  
SMA are associated with concurrent emboli to another arte-
rial bed.4 Intestinal ischemia due to embolic arterial occlusion 
can be compounded by reactive mesenteric vasospasm, further 
reducing collateral flow and exacerbating the ischemic insult.2,5

Acute Mesenteric Arterial Thrombosis
Thrombosis of the SMA or the celiac artery is usually associated 
with preexisting critical stenoses. Many of these patients have his-
tories consistent with chronic mesenteric ischemia (CMI), includ-
ing postprandial pain, weight loss, “food fear,” and early satiety.1,6 
Superior mesenteric artery thrombosis can be regarded as a 
complication of untreated chronic intestinal ischemia.1 The SMA 
plaque likely progresses slowly to a critical stenosis over years until 
thrombosis occurs.

Unlike embolic occlusions, thrombosis of the SMA generally 
occurs flush with the aortic origin of the vessel. Aortic dissection 
involving the visceral vessels, though rare, can cause acute mesen-
teric ischemia. The intimal flap of the dissection can extend into, 
compress, or exclude the mesenteric orifice.5 Acute mesenteric 
ischemia is also an uncommon (< 1%) but serious complication of 

cardiac surgery, with a reported mortality rate of greater than 50% 
in most series.5,7 Presumably, the nonpulsatile perfusion delivered 
by most extracorporeal circuits allows severely stenotic visceral 
vessels to occlude during cardiopulmonary bypass. Identified risk 
factors for this complication include prolonged cross-clamp times, 
use of intraaortic balloon counterpulsation, low cardiac output 
syndromes, blood transfusion, triple-vessel disease, coronary artery 
disease (CAD), and peripheral artery disease (PAD).7

Pathophysiology of Occlusive Acute Mesenteric 
Ischemia
Acute mesenteric ischemia, whether the underlying cause is 
embolic or thrombotic, may eventually lead to intestinal infarc-
tion (Fig. 26-2). Hypoxia and hypercarbia that occur during flow 
interruption, and reperfusion injury once intestinal blood flow 
is restored, all contribute to tissue loss8 (Fig. 26-3). Reperfusion 
injury is believed to be principally mediated by activation of the 
enzyme xanthine oxidase and recruitment and activation of cir-
culating neutrophils (PMNs).9 The mechanism of injury likely 
involves production of oxygen-derived free radicals by xanthine 
oxidase that then causes profound local tissue injury through lipid 
peroxidation, membrane disruption, and increased microvascu-
lar  permeability.5,9 The ischemic endothelium recruits PMNs in an 
autocrine and paracrine manner by secreting chemotactic cyto-
kines (tumor necrosis factor [TNF]-α, interleukin [IL]-1, platelet-
derived growth factor [PDGF]) that perpetuate further  damage to 
the reperfused tissue. Once activated, PMNs degranulate, releasing 
myeloperoxidase, collagenases, and elastases that further injure 
already ischemic and vulnerable tissue.5,10 Activation of this endo-
genous inflammatory cascade is not restricted to the injured organ 
and may also have deleterious systemic effects, with cardiac, 
 pulmonary, and other organ system dysfunction.5

Natural History of Acute Mesenteric Arterial 
Occlusive Disease
The mortality rate for occlusive acute mesenteric ischemia 
exceeds 70% in most series.1,2,5,11,12 Occlusive acute intestinal isch-
emia resulting from SMA embolism has a more favorable progno-
sis than that resulting from SMA thrombosis.1 Survival following 
acute intestinal ischemia due to SMA thrombosis is rare. The more 
favorable prognosis associated with embolism is attributable to 
the fact that most emboli lodge distally in the SMA (beyond the 
origin of the middle colic artery), thus allowing perfusion of the 
proximal intestine via middle colic and jejunal artery branches.1 
Thrombotic occlusion of the SMA usually occurs proximal to the 
middle colic artery, and therefore  completely interrupts mid-gut 
arterial perfusion in patients with poorly developed celiac artery 
or inferior mesenteric artery (IMA) collateral flow.1,3,6

MESENTERIC VASCULAR DISEASE
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Nonocclusive Mesenteric Ischemia
Epidemiology
Nonocclusive mesenteric ischemia (NOMI) accounts for 25% of all 
episodes of acute intestinal ischemia.1,5,13,14 In NOMI, microscopic 
arterial blood flow is inadequate to supply perfusion to the bowel. 
The result is intestinal ischemia and infarction in the presence of a 
patent macroscopic vasculature.15 Previous reports15–17 have iden-
tified multiple risk factors for development of NOMI (Box 26-1). 
Mesenteric arterial vasospasm may occur following elective revas-
cularization procedures for chronic SMA occlusion. In such cases, 
vasoconstriction of small and medium-sized vessels is precipitated 
by early enteral feeding.18 Without prompt intervention, NOMI may 

progress from localized intestinal ischemia to transmural infarc-
tion, peritonitis, and death.19,20 Mortality is high regardless of treat-
ment, owing to the underlying medical conditions that precipitate 
NOMI and frequent delays in diagnosis.5,13–15

Pathophysiology
Nonocclusive mesenteric ischemia was first recognized in autop-
sies of patients with small-intestinal gangrene in the absence of 
arterial or venous occlusion.21,22 Investigation of the regulatory 
mechanisms of mesenteric  circulation has demonstrated that the 
pathophysiology of NOMI is multifactorial. Virtually all patients 
with NOMI have a severe coexisting illness, commonly severe 
cardiac failure.23 It is postulated that hypoperfusion from car-
diac failure, resulting in peripheral hypoxemia and splanchnic 
vasoconstriction, precipitates intestinal ischemia.13,14 Mesenteric 
vasoconstriction, intestinal hypoxia, and ischemia-reperfusion 
injury all contribute to  development of NOMI.

Mesenteric vasoconstriction, the hallmark of NOMI, represents 
an exaggerated homeostatic mechanism induced by excessive 
sympathetic activity during cardiogenic shock or hypovolemia. The 
body attempts to maintain cardiac and cerebral perfusion at the 
expense of splanchnic and peripheral circulations. Experimental 
evidence suggests that the mediators of this response are  
endothelin-1 (ET-1), nitric oxide (NO), vasopressin, and angioten-
sin (Ang).24,25 Endothelin-1 is a potent vasoconstrictor secreted 

Nonocclusive
25%

Thrombosis
25%

Embolus
25%

MVT
15%

Other
10%

FIGURE 26-1 Etiology of acute mesenteric ischemia. MVT, mesenteric 
venous thrombosis.

FIGURE 26-2 Ischemic bowel. Arrows indicate segments of clearly 
infarcted intestine.

Acute blood flow interruption

Hypoxia, hypercarbia

Reperfusion

Xanthine oxidase and polymorphonuclear
neutrophil (PMN) activation

Oxygen-derived free radicals

Tissue injury

FIGURE 26-3 Pathophysiological mechanisms of acute occlusive 
mesenteric ischemia.

Age >50 years
Atherosclerotic mesenteric arterial disease
Digitalis use
Sepsis
Prior hypotensive episodes
Congestive heart failure (CHF)
Coronary artery disease (CAD)
Vasoconstrictive drugs
Recent myocardial infarction (MI)
Cardiac arrhythmias

Box 26-1  Risk Factors for Development of 
Nonocclusive Mesenteric Ischemia
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from endothelial cells (ECs); in concert with other vasoactive pep-
tides, it regulates myogenic cells in the vascular wall. Nitric oxide 
can have paradoxical effects on vascular tone, depending on local  
concentration.26 At low concentrations it acts as a vasodilator, 
whereas at higher concentrations it acts as an  oxygen-derived free 
radical, impairing mitochondrial energy production.

The splanchnic autoregulatory system is affected by local 
arteriolar smooth muscle relaxation and vasodilation, as well as 
increased cellular oxygen extraction.27 Adequate oxygen delivery 
may be maintained despite declining perfusion pressures until 
a critical threshold is reached. In experimental models, maxi-
mal extraction is reached at a pressure of 40 mmHg, but beyond 
this point, oxygen consumption declines, and ischemia ensues.28 
Neri et al. recently demonstrated that postoperative cardiac sur-
gery patients who develop NOMI had persistent deficits between 
 oxygen delivery (Do2) and consumption (Vo2) because of poor cir-
culatory reserve. In contrast, postoperative cardiac patients who 
did not develop NOMI were able to normalize their Do2:Vo2 ratio 
by optimizing their cardiac output.14 In the presence of impaired 
perfusion, blood flow is not evenly distributed in the bowel wall. 
The mucosa retains its perfusion at the expense of the serosal lay-
ers through mucosal production of NO, prostaglandins (PGs), and 
stimulation of dopamine-I receptors.27 Histological damage is first 
observed at the villous tip and progresses to the deeper muscularis, 
submucosa, and mucosa within a few hours.

Once set in motion, mesenteric vasospasm may persist despite 
correction of the precipitating event.13,14 The etiology of persistent 
vasoconstriction once adequate blood flow is restored is unknown, 
but it may respond to direct intraarterial papaverine infusion or other 
vasodilators, including iloprost.29 This phenomenon of  protracted 
vasoconstriction, however, plays an important role in development 
and maintenance of occlusive and nonocclusive intestinal ischemia, 
and may also complicate mesenteric revascularization.18

Use of vasoconstrictor agents and digitalis has been associated 
with the majority of cases of NOMI. Vasoactive agents, including 
α-adrenergic drugs and vasopressin, produce splanchnic vasocon-
striction directly, whereas digoxin preparations alter mesenteric 
vasoreactivity by stimulating arterial and venous smooth muscle 
cell (SMC) contraction.27,29 This may enhance mesenteric arterio-
lar  vasoconstriction in the setting of acute venous hypertension.29

Restoration of blood flow to the ischemic intestine may be com-
plicated by reperfusion injury. During critical ischemia, adenosine 
triphosphate (ATP) levels are depleted, causing distortion of ATP-
dependent cell membrane systems. This results in loss of cellular 
homeostasis, with cellular swelling and electrolyte  imbalances.27 
Reduction in ATP levels also generates large amounts of adeno sine,  
a precursor of hypoxanthine. Within the swollen cells,  calcium 
accumulates and triggers hydrolysis of the enzyme  xanthine 
 dehydrogenase into xanthine oxidase, which reacts with intracel-
lular hypoxanthine to produce uric acid and toxic oxygen free 
radicals.5,27 These free radicals exert direct damage to  cellular 
membranes, causing capillary leak syndrome, and incite endo-
genous inflammatory cascades that cause widespread tissue 
injury. The deleterious effects of free radicals are usually limited 
by endogenous scavengers such as glutathione, catalase, super-
oxide dismutase, and NO.27 However, in cases of prolonged isch-
emia, the capacity of this scavenger system to eliminate reactive 
oxygen species (ROS) is exceeded, and continued damage occurs. 
The degree of reperfusion injury is thus related to the frequency 
and duration of the ischemic episodes. Clark and Gewertz dem-
onstrated that two short 15-minute periods of low flow followed 
by reperfusion resulted in a more severe histological injury than a 
single  30-minute period of ischemia.30,31

In NOMI, a similar scenario exists: hypoperfusion may be partial 
and occasionally repetitive. It is believed that episodic reperfusion 
creates a local environment replete with primed neutrophils within 
the ischemic bed that are capable of degranulating and releasing 
superoxide. This concept is substantiated by recent experimental 
evidence that reperfusion injury may be attenuated by reperfusion 
with leukodepleted blood or by blockade of EC surface  receptors 

for leukocyte adherence.32 In addition, several compounds includ-
ing N-acetylcysteine and vitamin E have been shown in animal 
models to reduce tissue damage caused by reactive oxygen spe-
cies.33 Application of these novel approaches in human NOMI 
awaits further study.

Mesenteric Venous Thrombosis
Mesenteric venous thrombosis (MVT) refers to thrombosis of the 
veins draining the intestine (inferior mesenteric, superior mesen-
teric, splenic, and portal veins). The obstruction in venous return 
leads to edema, distention, and in some cases, infarction of the 
affected segments.1,5

Epidemiology
Mesenteric venous thrombosis is a comparatively rare form of 
mesenteric ischemia. The presentation may vary from asymptom-
atic to fulminant with intestinal infarction and hemodynamic col-
lapse. Mesenteric venous thrombosis was first described by Elliot 
in 1895 as “thrombosis of the portomesenteric venous  system.”34  
In 1935, Warren and Eberhard characterized MVT as a distinct clini-
cal entity. These authors reported a 34% mortality rate following 
intestinal resection for venous thrombosis.35

Mesenteric venous thrombosis currently constitutes no more 
than 5% to 15% of all cases of acute mesenteric ischemia.36 Only 
372 patients with MVT were reported from 1911 to 1984,37 and MVT 
accounted for only 6.2% of 1167 patients treated for mesenteric isch-
emia at the Mayo Clinic from 1972 to 1993.38 Ottinger and Austen 
found that MVT represented 0.006% of hospital admissions.39 It is 
estimated that intestinal infarction due to MVT is encountered in 
less than 1 in 1000 laparotomies for acute abdomen.40

Pathophysiology
Mesenteric venous thrombosis can be classified as primary or sec-
ondary. Primary MVT is defined as spontaneous idiopathic thrombosis 
of mesenteric veins not associated with any other disease or etiologi-
cal factor.1,5,36 The number of patients in this group has decreased 
substantially in the past decade because of increased recognition of 
inherited thrombotic disorders and hypercoagulable states.

Patients in whom an etiological factor can be identified are said 
to have secondary MVT. Currently, however, a causative factor can 
be identified in only 35% of patients with MVT.36,38 Known causes 
of secondary MVT are shown in Box 26-2. Oral contraceptive use 
accounts for 9% to 18% of episodes of MVT in young women.41 
Protein C and protein S deficiency, antithrombin III deficiency,  
dysfibrinogenemia, abnormal plasminogen, polycythemia vera, 
thrombocytosis, sickle cell disease (SCD), and factor V Leiden 
mutation have all been associated with MVT.1,5,36,41,42 Localized sec-
ondary MVT has also been reported, most commonly associated 
with volvulus, intussusception, or mechanical bowel strangulation.

Location of the thrombus may be predicted by etiology. 
Thrombosis due to an intraabdominal cause such as  inflammatory 

Box 26-2  Causes of Secondary Mesenteric Venous 
Thrombosis

Trauma
Surgery
Cancer
Cirrhosis
Portal hypertension
Inflammatory bowel disease
oral contraceptive use
Splenomegaly
Pancreatitis
Dehydration
Infection
Diverticular disease
Hypercoagulable states
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conditions or surgery starts in the larger vessels at the site of com-
pression and propagates distally to involve the smaller venous 
arcades and arcuate channels.41 In contrast, thrombosis due to an 
underlying hypercoagulable state usually begins in the small ves-
sels and later involves the larger vessels.36,41 Occlusion of the venae 
rectae and the intramural vessels interferes with adequate venous 
drainage, with eventual hemorrhagic infarction of the involved 
bowel segment. The transition from normal to ischemic bowel is 
usually gradual, unlike that seen with acute embolic or thrombotic 
occlusion.

Natural History
The natural history of MVT varies based on the etiology. In most 
cases, it usually does not result in gangrenous bowel.1,5,41,42 Similarly, 
symptomatic manifestations are diverse. Patients may present with 
a benign abdominal examination and few symptoms or with pro-
found hemodynamic collapse. Most patients have abdominal pain. 
Although it can be sudden in onset, most frequently it begins insidi-
ously and worsens over time. Approximately 50% of patients have 
pain from 5 to 30 days before seeking medical attention, and 27% 
report abdominal pain for more than 1 month.43 In a recent review, 
only 16% of patients had severe peritonitis, and 33% required bowel 
resection.42 Despite improved diagnostic  modalities and more 
aggressive treatment regimens, symptomatic acute MVT is an indi-
cator of poor prognosis, with an approximate 10% to 20% 30-day 
mortality rate and a 3-year survival rate of 35%.42,44 Patients with 
 evidence of chronic thrombosis fare somewhat better because 
collateral venous channels form and thereby augment intestinal 
venous drainage.

Chronic Mesenteric Ischemia
Symptomatic chronic mesenteric arterial insufficiency is a 
well-described but infrequently encountered clinical problem. 
Although the earliest report of chronic intestinal ischemia was 
by Councilman in 1894,45 in 1918, Goodman credited Baccelli as 
the first individual to correctly associate postprandial pain with 
CMI. Eighteen years later, Dunphy suggested that the abdominal 
pain associated with chronic mesenteric arterial occlusion was a 
possible precursor of later intestinal infarction.46 Later, Shaw and 
Maynard performed the first successful endarterectomy for CMI.47 
Morris et al. described the technique of retrograde aortovisceral 
bypass in 1962.48

Epidemiology
Chronic mesenteric ischemia results from atherosclerosis in 90% of 
cases.1,5,49–51 Nonathero sclerotic causes of CMI are listed in Box 26-3. 
Nonatherosclerotic etiologies have been described in young adults 

and children as young as 30 months of age.49–51 In general, Risk  
factors for atherosclerotic-associated CMI are similar to those of other 
atherosclerotic conditions, including a positive family history, seden-
tary lifestyle, hypertension, hypercholesterolemia, and smoking.1,5,46–51 
In  contrast to other atherosclerotic vascular diseases, approximately 
60% of patients with CMI are female, and nearly 50% of patients have 
a history of earlier cardiovascular surgery.51 Symptomatic CMI gener-
ally manifests at a mean age of about 58 years.1,5,46,52–56 More than one 
third of patients have hypertension, coronary artery  disease, and/or 
cerebrovascular disease.1,5,53–56 Nearly 20% have  evidence of chronic 
renal insufficiency, and 10% have diabetes.49,56

Although there is a high prevalence of mesenteric atherosclero-
sis, the clinical syndrome of symptomatic mesenteric ischemia is 
uncommon.1,54,55 An autopsy series of unselected patients found 
significant stenoses in approximately 50% of celiac arteries, 30% 
of SMAs, and 30% of IMAs.52 In a more recent series of 120 con-
secutive autopsies, however, rates of significant stenoses in the 
celiac, SMA, and IMA were not quite as high, with 22%, 16%, and 
10% incidence, respectively.55 The prevalence of potentially flow-
limiting stenosis within the mesenteric vessels increases with age, 
with up to 67% of those older than 80 years of age having more 
than 50% stenosis in some mesenteric artery.55 Aortograms per-
formed for aortic aneurysmal or occlusive disease demonstrate 
significant stenosis of the celiac artery in 33% of cases and SMA 
lesions in nearly 20%.54–56

Pathophysiology and Natural History
Chronic mesenteric ischemia occurs when the blood supply 
is insufficient to meet the metabolic demands of the bowel, 
resulting from increased motility, secretion, and absorption 
after meals.57 The infrequent occurrence of symptomatic dis-
ease may be explained in part by the extensive mesenteric col-
lateral circulation, which includes both viscerovisceral (celiac 
artery-SMA-IMA), and parietovisceral (hypogastric-IMA) blood 
flow.1,5,55–57 The slow development of a chronic high-grade steno-
sis or occlusion of one or more of the major mesenteric vessels 
may thus be fully compensated by collateral blood flow. In addi-
tion, recent evidence suggests that  preexisting  significant steno-
ses in even remote arterial beds may provide protective effects 
through the mechanism of ischemic preconditioning.58–60

It has been proposed that the pathophysiology of symptomatic 
CMI involves a regional vascular steal phenomenon.61 Investigators 
have used tonometric assessment of splanchnic blood flow in dogs 
with 50% stenoses of both the celiac artery and SMA to show that 
food intake reduced intestinal perfusion by 50%. This reduction 
was associated with a significant decrease in intestinal intramural 
pH that was attributed to steal from the intestinal to the gastric cir-
culation stimulated by a food bolus within the stomach.61

Rarely, single-vessel disease of the SMA may produce symptoms 
characteristic of CMI. The vast majority of patients who present 
with symptomatic CMI, however, have arteriographic evidence of 
multivessel visceral artery disease.1,5,49–52,55,56

A variety of pain syndromes characterize patients with CMI. In 
general, the symptoms consist of upper abdominal cramping or 
aching pain beginning 20 to 30 minutes after eating. At first the 
pain may be of short duration, but later it may become more per-
sistent and last for 3 to 4 hours after eating. As the disease pro-
gresses, the amount of food that precipitates abdominal pain may 
decrease. Patients avoid eating to prevent the resulting abdominal 
pain. Most patients with CMI suffer weight loss secondary to dimin-
ished nutritional intake; malabsorption is not the primary mecha-
nism of weight loss.57

No form of bowel activity is “classic” for CMI. Patients may have 
diarrhea (which can potentially exacerbate their nutritional deple-
tion), constipation, or normal bowel habits. Without intervention, 
such patients develop severe protein-calorie malnutrition, and CMI 
can progress to visceral infarction.49,50,55–57

Most fatal cases of CMI occur in patients with a prolonged his-
tory of chronic abdominal  complaints.1,49–51,55–57 Such cases are 

Box 26-3  Nonatherosclerotic Conditions Associated 
with Chronic Mesenteric Ischemia

neurofibromatosis
Middle aortic syndrome
Median arcuate ligament compression
Visceral artery dissection
Buerger's disease
Rheumatoid arthritis
Cocaine abuse
Systemic lupus erythematosus (SlE)
Thoracic aortic aneurysm (TAA)
Cogan's syndrome
Polyarteritis nodosa
Aortic coarctation repair
Radiation injury
Thrombosis associated with TAA repair
Mesenteric arteritis
Congenital afibrinogenemia
Ergot poisoning



327

CH 
26

EPID
EM

Io
lo

g
y

 A
n

D
 PAT

H
o

PH
ySIo

lo
g

y
 o

F M
ESEn

T
ER

IC
 VA

SC
u

lA
R D

ISEA
SE

 frequently characterized by months of abdominal complaints 
and multiple negative endoscopies, CT scans, and other diagnos-
tic tests. In retrospect, the diagnosis is usually obvious. A high 
index of suspicion and prompt intervention are clearly indicated 
in cases of unexplained abdominal pain and weight loss. Early 
diagnosis may prevent acute thrombosis of stenotic vessels and 
the often fatal complication of intestinal infarction.1,49–51,55–57

REFERENCES
 1. Moneta G: Acute mesenteric ischemia. In Rutherford RB, editor: Diagnosis of intestinal 

ischemia, Philadelphia, 2000, WB Saunders, p 2508.
 2. McKinsey J, Gewertz BL: Acute mesenteric ischemia, Surg Clin North Am 77:307, 1997.
 3. Park WM, Gloviczki P, Cherry KJ: Contemporary management of acute mesenteric ischemia: 

factors associated with survival, J Vasc Surg 35:445, 2002.
 4. Kaleya RN, Sammartano RJ, Boley SJ: Aggressive approach to acute mesenteric ischemia, 

Surg Clin North Am 72:157, 1992.
 5. Schwartz LB, McKinsey JF, Gewertz BL: Visceral ischemic syndromes. In Moore WS, editor: 

Vascular surgery: a comprehensive review, ed 6, Philadelphia, 2002, WB Saunders, p 572.
 6. Sreenarasimhaiah J: Diagnosis and management of intestinal ischemic disorders, BMJ 

326:1372, 2003.
 7. Ghosh S, Roberts N, Firmin RK, et al: Risk factors for intestinal ischemia in cardiac surgical 

patients, Eur J Cardiothorac Surg 21:411, 2002.
 8. Wyers MC: Acute mesenteric ischemia: diagnostic approach and surgical treatment, Semin 

Vasc Surg 23:9–20, 2010.
 9. Kozuch PL, Brandt LJ: Review article: diagnosis and management of mesenteric ischaemia 

with an emphasis on pharmacotherapy, Aliment Pharmacol Ther 21:201–215, 2005.
 10. Korthius RJ, Anderson DC, Granger DN: Role of neutrophil-endothelial cell adhesion in 

inflammatory disorders, J Crit Care 9:47, 1994.
 11. Lock G: Acute mesenteric ischemia: classification, evaluation and therapy, Acta Gastroenterol 

Belg 65:220, 2002.
 12. Edwards MS, Cherr GS, Craven TE, et al: Acute occlusive mesenteric ischemia: surgical 

management and outcomes, Ann Vasc Surg 17:72, 2003.
 13. Trompeter M, Brazda T, Remy CT, et al: Non-occlusive mesenteric ischemia: etiology, 

diagnosis, and interventional therapy, Eur Radiol 12:1179, 2001.
 14. Neri E, Sassi C, Massetti M, et al: Nonocclusive mesenteric ischemia in patients with acute 

aortic dissection, J Vasc Surg 36:738, 2002.
 15. Howard TJ, Plaskon LA, Wiebke EA, et al: Nonocclusive mesenteric ischemia remains a 

diagnostic dilemma, Am J Surg 171:405, 1996.
 16. Lock G, Scholmerich J: Non-occlusive mesenteric ischemia, Hepatogastroenterology 42:234, 

1995.
 17. Wilcox MG, Howard TJ, Plakson LA, et al: Current theories of pathogenesis and treatment of 

nonocclusive mesenteric ischemia, Dig Dis Sci 40:709, 1995.
 18. Gewertz BL, Zarins CK: Postoperative vasospasm after antegrade mesenteric revas cularization: 

a report of three cases, J Vasc Surg 14:382, 1991.
 19. Patel A, Kaleya RN, Sammartano RJ: Pathophysiology of mesenteric ischemia, Surg Clin 

North Am 72:31, 1992.
 20. Williams LF, Anastasia LF, Hasiotis CA, et al: Non-occlusive mesenteric infarction, Am J Surg 

114:376, 1967.
 21. Case records of the Massachusetts General Hospital (Case 35082), N Engl J Med 240:308, 1949.
 22. Haglund U, Lundgren O: Nonocclusive acute intestinal vascular failure, Br J Surg 66:155, 1979.
 23. Trompeter M, Brazda T, Remy CT, et al: Non-occlusive mesenteric ischemia: etiology, 

diagnosis, and interventional therapy, Eur Radiol 12:1179–1187, 2002.
 24. Mitsuyoshi A, Obama K, Shinkura N, et al: Survival in nonocclusive mesenteric ischemia: 

early diagnosis by multidetector row computed tomography and early treatment with 
continuous intravenous high-dose prostaglandin E1, Ann Surg 246:229–235, 2007.

 25. Luckner G, Jochberger S, Mayr VD, et al: Vasopressin as adjunct vasopressor for vasodilatory 
shock due to non-occlusive mesenteric ischemia, Anaesthesist 55:283–286, 2006.

 26. Lamarque D, Whittle BJ: Increase in gastric intramucosal hydrogen ion concentration 
following endotoxin challenge in the rat and the actions of nitric oxide synthase inhibitors, 
Clin Exp Pharmacol Physiol 28:164, 2001.

 27. Kolkman JJ, Mensink PB: Non-occlusive mesenteric ischemia: a common disorder in 
gastroenterology and intensive care, Best Pract Res Clin Gastroenterol 17:457, 2003.

 28. Mesh CL, Gewertz BL: The effect of hemodilution on blood flow regulation in normal and 
postischemic intestine, J Surg Res 48:183, 1990.

 29. Char D, Hines G: Chronic mesenteric ischemia: diagnosis and treatment, Heart Dis 3:231, 
2001.

 30. Kim EH, Gewertz BL: Chronic digitalis administration alters mesenteric vascular reactivity,  
J Vasc Surg 5:382, 1987.

 31. Clark ET, Gewertz BL: Intermittent ischemia potentiates intestinal reperfusion injury, J Vasc 
Surg 13:606, 1991.

 32. Toledo-Pereyra LH: Leukocyte depletion, ischemic injury and organ preservation, J Surg Res 
169:188–189, 2011.

 33. Dimakakos PB, Kotsis T, Kondi-Pafiti A, et al: Oxygen free radicals in abdominal aortic 
surgery: an experimental study, J Cardiovasc Surg (Torino) 43:77, 2002.

 34. Elliot JW: The operative relief of gangrene of intestine due to occlusion of the mesenteric 
vessels, Ann Surg 21:9, 1895.

 35. Warren S, Eberhard TP: Mesenteric venous thrombosis, Surg Gynecol Obstet 61:102, 1935.
 36. Rhee RY, Gloviczki P: Mesenteric venous thrombosis, Surg Clin North Am 77:327, 1997.
 37. Abdu R, Zakhour BJ, Dallis DJ: Mesenteric venous thrombosis—1911–1984, Surgery 

101:383, 1987.
 38. Rhee RY, Glovickzi P, Medonca CT, et al: Mesenteric venous thrombosis: still a lethal disease 

in the 1990s, J Vasc Surg 20:688, 1994.
 39. Ottinger LW, Austen WG: A study of 136 patients with mesenteric infarction, Surg Gynecol 

Obstet 124:251, 1967.
 40. Kazmers A: Intestinal ischemia caused by venous thrombosis. In: Vascular Surgery, 

Philadelphia, 1995, WB Saunders, p 526.
 41. Kumar S, Sarr MG, Kamath PS: Mesenteric venous thrombosis, N Engl J Med 345:686, 2001.
 42. Harward TR, Green D, Bergan JJ, et al: Mesenteric venous thrombosis, J Vasc Surg 9:328, 

1989.
 43. Morasch MD, Ebaugh JL, Chiou AC, et al: Mesenteric venous thrombosis: a changing clinical 

entity, J Vasc Surg 34:680, 2001.
 44. Harnik IG, Brandt LJ: Mesenteric venous thrombosis, Vasc Med 15:407–418, 2010.
 45. Councilman WT: Three cases of occlusion of the superior mesenteric artery, Boston Med 

Surg J 130:410, 1894.
 46. Taylor LM, Porter JM: Treatment of chronic intestinal ischemia, Semin Vasc Surg 3:186, 1990.
 47. Shaw RS, Maynard EP III: Acute and chronic thrombosis of the mesenteric arteries 

associated with malabsorption: a report of two cases successfully treated with 
thromboendarterectomy, N Engl J Med 258:874, 1958.

 48. Morris GC, Crawford ES, Cooley DA, et al: Revascularization of the celiac and superior 
mesenteric arteries, Arch Surg 84:113, 1962.

 49. White CJ: Chronic mesenteric ischemia: diagnosis and management, Prog Cardiovasc Dis 
54:36–40, 2011.

 50. Sanders BM, Dalsing MC: Mesenteric ischemia affects young adults with predisposition, 
Ann Vasc Surg 17:270, 2003.

 51. Zeller T, Rastan A, Sixt S: Chronic atherosclerotic mesenteric ischemia, Vasc Med 15:333–338, 
2010.

 52. Crawford ES, Morris GC, Myhre HO, et al: Celiac axis, superior mesenteric artery, and inferior 
mesenteric artery occlusion: surgical considerations, Surgery 82:856, 1977.

 53. Shanley CJ, Ozaki CK, Zelenock GB: Bypass grafting for chronic mesenteric ischemia, Surg 
Clin North Am 77:381, 1997.

 54. Cleveland TJ, Nawaz S, Gaines PA: Mesenteric arterial ischemia: diagnosis and therapeutic 
options, Vasc Med 7:311, 2002.

 55. Chang JB, Stein T: Mesenteric ischemia: acute and chronic, Ann Vasc Surg 17:323, 2003.
 56. Chang JB, Stein TA: Mesenteric ischemia, Asian J Surg 26:55, 2003.
 57. van Bockel JH, Geelkerken RH, Wasser MN: Chronic splanchnic ischemia, Best Pract Res Clin 

Gastroenterol 15:99, 2001.
 58. Heusch G, Schulz R: Remote preconditioning, J Mol Cell Cardiol 34:1279, 2002.
 59. Cinel I, Avlan D, Cinel L, et al: Ischemic preconditioning reduces intestinal apoptosis in rats, 

Shock 19:588, 2003.
 60. Asoyek S, Cinel I, Avlan D, et al: Intestinal ischemic preconditioning protects the intestine 

and reduces bacterial translocation, Shock 18:476, 2002.
 61. Poole JW, Sammartano RJ, Boley SJ: Hemodynamic basis of the pain of chronic mesenteric 

ischemia, Am J Surg 153:171, 1987.



328

C H A P T E R  27  Clinical Evaluation and Treatment 
of Mesenteric Vascular Disease
Rachel C. Danczyk, Gregory L. Moneta

Evaluation
Clinical evaluation of possible mesenteric ischemia begins 
with a careful history and physical examination and—above 
all—an appropriate index of suspicion for the diagnosis. The 
major etiologies of mesenteric ischemia include mesenteric 
venous  thrombosis (MVT), acute mesenteric ischemia, nonocclu-
sive mesenteric  ischemia (NOMI), and chronic mesenteric isch-
emia (CMI). These differ in their underlying pathologies and 
the clinical  settings in which they occur, but there may be sig-
nificant overlap in their clinical presentation. The most crucial 
point is to understand the variety of clinical settings in which 
intestinal ischemia can occur and to include mesenteric isch-
emia in the differential  diagnosis of patients presenting with 
abdominal pain. The goal is to achieve a diagnosis prior to the 
onset of bowel infarction. Without consideration of intestinal 
ischemia, the appropriate diagnostic  evaluation is unlikely to 
be obtained, resulting in needless  additional  morbidity and 
mortality.

Acute Occlusive Mesenteric Ischemia
SIGNS AND SYMPTOMS

Acute occlusive mesenteric ischemia is caused by embolism to the 
superior mesenteric artery (SMA) or acute thrombotic occlusion 
of an atherosclerotic SMA. Mortality exceeds 60%.1

Thrombotic occlusion of the SMA carries a worse prognosis 
than embolism to the SMA because with thrombotic  occlusion, 
the SMA occludes proximal to the middle colic artery and inter-
rupts arterial flow to the entire small intestine. Emboli, which 
 usually originate from the heart, typically lodge in the SMA distal 
to the origin of the middle colic artery, thereby maintaining some 
perfusion to the small intestine via the middle colic and jejunal 
artery branches.

Abdominal pain is the most common presenting symptom in 
patients with occlusive acute mesenteric ischemia, and physical 
findings can range from nonspecific tenderness to an acute abdo-
men. Distention, rigidity, and rebound tenderness occur, particu-
larly when the diagnosis of acute mesenteric ischemia is delayed. 
The classic presentation is sudden onset of acute abdominal pain 
out of proportion to the physical findings. This reflects profound 
intestinal ischemia without associated bowel perforation and peri-
tonitis. Vomiting, fever, and diarrhea are present in one third of 
patients with acute mesenteric ischemia. Patients with embolism 
tend to present with an acute onset of abdominal pain, whereas 
patients with thrombosis of a stenotic SMA may have a more 
delayed presentation.

Laboratory values are typically nonspecific. The majority of 
patients will have moderate to marked leukocytosis, but about 
10% of patients will have a normal white blood cell (WBC) count. 
Elevated serum amylase and metabolic acidosis may occur in 
patients with necrotic bowel, but an absence of these findings does 
not exclude bowel necrosis.

RADIOLOGICAL DIAGNOSIS

Ultrasound has a limited role in  diagnosing acute occlusive mes-
enteric ischemia. Duplex ultrasonography in the setting of an acute 
abdomen is limited by abdominal  distention, excessive bowel gas, 
and patient discomfort.

An abdominal computed tomography (CT) scan is often obtained 
during evaluation of a patient with abdominal pain. In addition 
to finding other abdominal pathologies causing abdominal pain, 
CT scans can detect late findings of acute mesenteric ischemia 
with a sensitivity of 90%, including bowel luminal dilation, bowel 
wall thickening, submucosal edema or hemorrhage, pneumatosis 
intestinalis, and portal venous gas.2 These findings are associated 
with some degree of intestinal infarction. Emboli tend to lodge 
distally, and thus the sensitivity of CT scanning in detecting mes-
enteric arterial embolic occlusion is low and ranges from 37% to 
80%3 (Fig. 27-1). In patients with early ischemia, there may be mini-
mal findings on CT scans. These patients benefit most from early 
diagnosis and definitive mesenteric revascularization before the 
onset of intestinal infarction. Therefore, a high index of  suspicion 
and thorough physical examination is of the utmost importance in 
this population of patients.

Mesenteric angiography remains the gold standard for diagnos-
ing vascular lesions associated with acute mesenteric ischemia,  
but its use is predicated on clinical judgment. In a patient with 
obvious peritoneal findings and  suspected necrotic bowel, as 
evidenced by hypotension and acidosis, an urgent exploratory 
laparotomy is required to resect necrotic bowel and perform 
revascularization. In this emergent  situation, preparation and per-
formance of a mesenteric angiogram may delay definitive opera-
tive treatment and increase mortality.

In patients without peritoneal findings but clinically  suspected 
to have mesenteric ischemia, angiography can be performed 
to make the definitive diagnosis and plan additional therapy. 
Abrupt occlusion of the SMA distal to the origin of the  middle 
colic artery is typically seen in patients with an embolus (Figs. 27-2 
through 27-4), whereas patients with thrombotic occlusion of a 
chronically stenotic SMA show signs of occlusion  beginning at its 
origin from the aorta.

TREATMENT

Treatment of acute mesenteric occlusive ischemia is aimed at 
the etiology of the disease. With acute embolic disease, embo-
lectomy can be performed. Thrombotic disease should generally 
be addressed with a bypass operation. Bypass as an option for 
acute mesenteric occlusive ischemia treatment is discussed later 
in the chapter.

Operative Embolectomy

Once angiography has identified embolic disease, the patient is 
taken to the operating room for abdominal exploration and embo-
lectomy. When performing an SMA embolectomy, a midline inci-
sion in the abdomen is made, followed by a thorough examination 
of the abdominal contents. This may or may not reveal intestinal 
infarction. The transverse colon is then reflected superiorly, and 
the SMA is approached at the root of the small-bowel mesentery. 
The ligament of Treitz is divided and the proximal SMA mobilized. 
If the embolus is located more distally, the distal SMA may be 
exposed at the root of the small-bowel mesentery. Embolectomy 
is performed through a transverse arteriotomy using standard bal-
loon catheters, and the embolus is extracted. The arteriotomy is 
then closed, and the intestines are again inspected for viability; 
any nonviable bowel is resected. A Doppler probe can be used 
to assess the antimesenteric border for intestinal arterial flow. If 
the bowel viability is equivocal, a “second look” operation can be 
planned in the following 24 to 48 hours to reassess the bowel and 
resect if necessary.4
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Chronic Mesenteric Ischemia
SIGNS AND SYMPTOMS

Patients with CMI are typically women (3:1 female-to-male ratio) 
between the ages of 40 and 70 years, and a history of recurrent 
abdominal pain is the most critical factor in the diagnosis. The 
pain associated with CMI is mid-abdominal or epigastric in origin 
and is described as colicky or a dull intense ache that may radi-
ate to the back. Pain is postprandial and generally begins 15 to 30 
minutes after eating and lasts up to 4 hours. There are no signs of 
peritonitis, and the degree of pain may reflect the volume of the 
ingested meal.

Patients may ingest some meals without pain early in the course 
of CMI, so pain may be initially attributed to cholelithiasis, pep-
tic ulcer disease, or malignancy. Patients often undergo extensive 
 evaluation with endoscopy, CT, barium studies, and abdominal 
ultrasonography prior to reaching a diagnosis of CMI. As the  disease 
progresses, patients begin to experience pain with each meal and 
may develop a fear of food. Weight loss, the hallmark of CMI, 
results from limited nutritional intake, not malabsorption; patients 
with CMI will have normal gastrointestinal absorption test results.

RADIOLOGICAL DIAGNOSIS

Mesenteric Angiography

Chronic mesenteric ischemia is a clinical diagnosis. There are no 
absolute confirmatory tests, but contrast mesenteric angiography 
is the standard to diagnose arterial lesions associated with CMI. 
Radiographs are obtained in the lateral and anteroposterior pro-
jections. Findings on angiography suggestive of CMI include steno-
sis or occlusion of the celiac artery (CA) and/or the SMA (Fig. 27-5). 
When the origins of the CA or SMA are occluded, the more distal 
vessels are often patent through filling by enlarged and easily visu-
alized pancreaticoduodenal arterial collaterals. Occasionally, one 
can find mid-SMA  stenosis with a normal proximal SMA (Fig. 27-6) 
or a “coral reef” aorta with associated SMA occlusion (Fig. 27-7). Not 
all patients with mesenteric artery obstruction, however, have mes-
enteric  ischemia. It is vitally important to differentiate high-grade 
mesenteric artery stenosis from the clinical entity of CMI.

Duplex Ultrasonography

Duplex ultrasonography can serve as a valuable noninvasive 
screening test for splanchnic artery stenosis and for follow-up 
in patients with mesenteric artery reconstructions. Despite the 

Embolic
occlusion

FIGURE 27-2 Anteroposterior angiogram demonstrating abrupt 
embolic occlusion of superior mesenteric artery (SMA).

Embolic occlusion

FIGURE 27-3 Anteroposterior angiogram of the superior mesenteric 
artery (SMA) demonstrating embolic occlusion of distal SMA.

FIGURE 27-4 Anteroposterior angiogram of superior mesenteric artery 
(SMA) after operative embolectomy demonstrating filling of distal SMA.

FIGURE 27-1 Axial computed tomography (CT) scan demonstrating 
a mid-aortic thrombus that caused embolic occlusion of superior 
mesenteric artery (SMA).
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accuracy of duplex detection of mesenteric artery stenoses, an 
appropriate history and physical examination and angiographic 
confirmation of high-grade stenoses or occlusion of the splanch-
nic vessels are still required for the diagnosis of CMI. Duplex exami-
nation of the mesenteric arteries can be technically difficult and 
should be performed by vascular technologists with extensive 
experience in abdominal ultrasound techniques.

In healthy individuals, fasting blood flow velocity waveforms dif-
fer between the SMA and the CA. Arterial waveforms reflect end-
organ vascular resistance. The liver and spleen have relatively high 
constant metabolic requirements and are therefore low-resistance 
organs. As a result, CA waveforms are generally biphasic with a 
peak systolic component, no reversal of end-systolic flow, and a 
relatively high end-diastolic velocity (EDV). The normal fasting 
SMA velocity waveform is triphasic, reflecting the high vascular 
resistance of the intestinal tract at rest (Figs. 27-8 and 27-9). There 
is a peak systolic component, often an end-systolic reverse flow 
 component, and a minimal diastolic flow component.

Changes in Doppler-derived arterial waveforms in response to 
feeding are different in the CA and SMA. Because the liver and 
spleen have fixed metabolic demands, there is no significant 
change in CA velocity waveform after eating. Blood flow in the 
SMA, however, increases markedly after a meal, reflecting a marked 
decrease in intestinal arterial resistance. Waveform changes in the 
SMA postprandially include a near doubling of systolic velocity, 
tripling of the EDV, and loss of end-systolic reversal of blood flow. 
In addition, there is a small but detectable increase in the diam-
eter of the SMA postprandially. The diameter of the SMA has been 
shown to be 0.60 ± 0.09 cm in the fasting state and 0.67 ± 0.09 cm 
after a meal. These changes are maximal at 45 minutes after inges-
tion of a test meal5 and are dependent on the composition of the 
meal ingested. Mixed composition meals produce the greatest flow 
increase in the SMA when compared with equal caloric meals 
composed solely of fat, glucose, or protein.6

Detection of Splanchnic arterial StenoSiS

Duplex ultrasound can detect hemodynamically significant steno-
ses in splanchnic vessels. In 1986, investigators at the University of 
Washington found that flow velocities in stenotic SMAs and CAs 
were significantly increased when compared with normal SMAs and 
CAs.7 Quantitative criteria for splanchnic artery stenosis were first 
developed and validated at Oregon Health & Science University.8

In a blinded prospective study of 100 patients who underwent 
mesenteric artery duplex scanning and lateral aortography, a peak 
systolic velocity (PSV) in the SMA of 275 cm/s or more indicated 
70% or greater SMA stenosis with a sensitivity of 92%, specificity of 

SMA
stenosis

FIGURE 27-5 Lateral aortogram demonstrating long-segment stenosis 
of superior mesenteric artery (SMA).

SMA
stenosis

FIGURE 27-6 Lateral aortogram demonstrating long-segment stenosis 
of middle superior mesenteric artery (SMA).

Celiac stenosis

Aortic coral reef
plaque

SMA occlusion

FIGURE 27-7 Lateral aortogram demonstrating “coral reef” atherosclerotic 
plaque in aorta, with associated superior mesenteric artery (SMA) occlusion 
and celiac artery (CA) stenosis.
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96%, positive predictive value of 80%, negative predictive value of 
99%, and accuracy of 96%9 (Fig. 27-10). In the same study, a PSV of 
200 cm/s or higher identified 70% or greater angiographic CA ste-
nosis with a sensitivity of 87%, specificity of 80%, positive predictive 
value of 63%, negative predictive value of 94%, and accuracy of 82% 
(Fig. 27-11).

Other duplex criteria for mesenteric artery stenoses are also 
in use. An SMA EDV greater than 45 cm/s correlates with 50% or 
greater SMA stenosis with 92% specificity and 100% sensitivity. A 
CA EDV of 55 cm/s or higher predicts 50% or greater CA stenosis 
with 93% sensitivity, 100% specificity, and 95% accuracy.10,11

Postprandial mesenteric duplex scanning has been used as an 
adjunct to fasting duplex scanning to aide in the diagnosis of mes-
enteric artery stenoses.12 In patients with less than 70% SMA ste-
nosis, postprandial SMA PSV increases by more than 20% over 
baseline velocity. The percent increase in SMA PSV is less in patients 
with 70% or greater SMA stenosis. Specificity for the combination 
of fasting SMA PSV and postprandial PSV, however, is  marginally 
improved over that provided by a fasting duplex scan alone. 
Therefore, although theoretically attractive, postprandial duplex 

Aorta/Superior Mesenteric Artery

FIGURE 27-8 Duplex ultrasonography of aorta and superior 
mesenteric artery (SMA).

FIGURE 27-9 Duplex ultrasono-
graphy of superior mesenteric 
artery (SMA), with peak systolic 
velocity (PSV) of 208 cm/s signifying 
a normal SMA.

FIGURE 27-10 Duplex ultrasono-
graphy of superior mesenteric 
artery (SMA), with peak systolic 
velocity (PSV) of 389 cm/s signifying 
70% or greater SMA stenosis.
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scanning offers no significant improvement over fasting mesenteric 
duplex scanning; its routine use as part of ultrasound assessment 
of mesenteric artery stenosis is unnecessary. Postprandial exami-
nations are occasionally useful in technically difficult ultrasound 
studies in that if there is a postprandial response, the insonated 
 vessel can be confirmed as being the SMA.

Duplex ultrasonography is best used as an initial screening study to 
evaluate for visceral artery stenosis in patients with chronic abdomi-
nal pain that may be consistent with CMI. Angiography is required to 
establish a definitive diagnosis of mesenteric artery stenosis.

Computed Tomography

Standard CT imaging can be of some value in mesenteric artery ste-
nosis evaluation (also see Chapter 14). Currently, however, no stud-
ies have compared the accuracy of spiral CT with angiography in 
assessing visceral artery stenoses. Computed tomography angiogra-
phy can detect but not precisely quantify proximal stenosis of the 
CA and SMA, and it is limited by lower resolution and bowel motion 
artifact in its ability to detect lesions involving more distal branches.13 
Computed tomography scans are often obtained to evaluate abdom-
inal pain. Findings suggestive of mesenteric artery stenosis include 
calcification at the origin of the CA and SMA and lack of contrast 
enhancement within the vessel lumen (Fig. 27-12).

Magnetic Resonance Imaging

Development of fast breath-hold three-dimensional gadolinium-
enhanced magnetic resonance angiography (3D Gd-enhanced 
MRA) has improved the ability of MRA to detect proximal splanch-
nic artery lesions (also see Chapter 13). Magnetic resonance angiog-
raphy is limited in its ability to image more distal visceral branches 
because of limited spatial resolution, peristaltic and respiratory 
motion, and chemical shift changes between the vessels and fat. 
The accuracy of 3D Gd-enhanced MRA in detecting visceral artery 
stenosis has been well studied. Overall sensitivity and specificity for 
detecting 75% or greater stenosis or occlusion of the CA, SMA, or 
inferior mesenteric artery (IMA) were 100% and 95%, respectively.14

In addition to providing anatomical details, magnetic resonance 
(MR) technology can quantify arterial flow using the  phase-contrast 
magnetic resonance imaging (MRI) technique, which provides 
information about the presence, magnitude, and direction of blood 
flow and has been studied in patients with CMI.15 Fasting and post-
prandial flow in the SMA have been compared in patients with 
documented atherosclerotic disease and normal volunteers. Mean 
fasting SMA blood flow has been shown to be higher in atheroscle-
rotic patients than in normal individuals. This difference can be 
used to evaluate for CMI. The addition of MR oximetry  technology, 
where increased oxygen extraction after a meal is seen in those 
with significant mesenteric vessel  atherosclerosis, is promising with 

regard to diagnosing CMI.15 Further validation studies correlating 
the degree of change in mesenteric blood flow and oxygenation 
with angiographic percentage of stenosis will be necessary before 
phase-contrast MRI and MR oximetry are universally adopted as 
routine noninvasive diagnostic methods for patients with CMI.

Treatment
Chronic and Acute Mesenteric Occlusive Disease
The available literature includes no randomized or controlled 
clinical trials of surgical intervention for treatment of mesenteric 
ischemia, and none are likely to be performed. Published clinical 
reports include varied recommendations for treatment, and many 
do not include descriptions of operative methods. Others describe 
technically demanding procedures requiring extensive dissections 
in difficult areas.16,17 Only recently has objective determination of 
postoperative graft patency been included in clinical series.18,19 
For all these reasons, there is no current consensus regarding the 
 surgical details of treatment for intestinal ischemia.

FIGURE 27-11 Duplex ultrasono-
graphy of celiac artery (CA), with 
peak systolic velocity (PSV) of 
331 cm/s signifying 70% or greater 
CA stenosis.

FIGURE 27-12 Computed tomographic angiogram (CTA) demonstrating 
a patent supraceliac aorta to common hepatic artery, and superior 
mesenteric artery (SMA) bypass. Proximal SMA is occluded.
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HISTORY

In 1936, Dunphy reviewed the medical records of 12 patients dying 
from intestinal ischemia and discovered that more than half (58%) 
had evidence of chronic abdominal pain.20 This finding suggested 
that timely surgical intervention may have prevented progression 
to intestinal infarction and death. In 1957, Mikkelsen described 
the arteriographic appearance of typical orificial atherosclerotic 
lesions affecting the mesenteric arteries. That same year, the first 
successful surgical procedure (SMA endarterectomy) for treat-
ment of chronic intestinal ischemia was performed by Maynard 
and Shaw.21

Since then, numerous techniques have been developed to revas-
cularize the mesenteric arteries. One debated issue is the optimal 
number of vessels to revascularize. Proponents of multiple-vessel 
or “complete” revascularization have worried that although single-
vessel bypass is effective in relieving symptoms initially, there may 
be a higher incidence of recurrent symptoms secondary to graft 
failure. With a few exceptions, as noted subsequently, surgery of 
some sort remains an integral part of the treatment of all etiologies 
of mesenteric ischemia.

MULTIPLE-VESSEL REVASCULARIZATION

Multiple-vessel revascularization implies repair or bypass of all 
 diseased or occluded vessels, most often the CA and SMA. Most 
agree that bypass to the IMA is unnecessary for successful revas-
cularization except in unusual cases. Grafts can be oriented ante-
grade from the supraceliac aorta or retrograde from the infrarenal 
aorta or an iliac artery.

An early report from the Mayo Clinic first suggested that “com-
plete” revascularization resulted in decreased symptomatic recur-
rence.22 A subsequent report including these patients and others 
indicated that graft patency and survival in patients with three-
vessel revascularization were improved compared to  single-vessel 
revascularization.23 The authors speculated that this difference 
in outcome was a result of complete revascularization, which 
theoreti cally provides an additional measure of safety. These two 
studies, however, were limited to patients with chronic intestinal 
ischemia and did not use objective methods to determine post-
operative graft patency. In the latter study, McAfee et al.23 noted 
that symptoms of recurrent ischemia were an unreliable mea-
sure of graft patency because two of their three early occlusions 
were asymptomatic. Lack of symptoms may have resulted from the 
presence of additional patent grafts. Although these retrospective 
studies  suggest that complete revascularization resulted in fewer 
recurrences and deaths, the results were not statistically significant.

Some believe that antegrade orientation provides better inflow 
than retrograde orientation because prograde flow is less turbu-
lent, there may be less graft kinking, and the supraceliac aorta is 
usually less diseased than the infrarenal aorta or an iliac artery. In 
the Mayo Clinic series published in 1981, the symptomatic recur-
rence rate was 26%; none of these grafts were antegrade.22 In more 
current studies in which the majority of grafts are positioned ante-
grade, the recurrence rate is lower.24 Clearly, the reduction in recur-
rence is multifactorial and cannot be attributed solely to graft 
orientation.

More recent data suggest the rate of symptomatic recurrence 
is unaffected by the number of vessels revascularized or graft ori-
entation. In a study of 91 patients treated for CMI with a bypass 
 procedure, there were patients with both single- and multiple- 
vessel reconstructions and with grafts in either orientation. Survival 
was unaffected by number of vessels revascularized. Patients with 
retrograde grafts had decreased survival, but these patients were 
older than those with antegrade grafts.24

SINGLE-VESSEL REVASCULARIZATION

Proponents of single-vessel revascularization have reported long-
term results similar to multiple-vessel revascularizations. Series 
from France have shown SMA reconstruction alone to be a durable 

form of treatment for intestinal ischemia. Kieny et al.25 performed 
60 direct or indirect (using a short prosthetic segment) reimplan-
tations of the SMA (10% of patients had additional vessels recon-
structed) in patients with atherosclerotic lesions of the visceral 
arteries. Mean follow-up was 8.5 years; five patients (8.3%) devel-
oped recurrences, and one patient died as a result. The 5-year actu-
arial survival was 69.6%.

Favorable results for single-vessel revascularization have also 
been reported in the United States.26,27 Stanton et al.26 performed 
20 reconstructions in 17 patients, and at 60.9 months they found 
no symptomatic recurrences. One method of mesenteric revas-
cularization is transaortic endarterectomy (TAE), with antegrade 
aortoceliac bypass reserved for older or poor-risk patients.28 
Transaortic endarterectomy usually involves revascularization of 
both the celiac axis and the SMA. Similar recurrence rates have 
been observed between the two techniques, with 86% of patients 
in both groups being asymptomatic at 5 years. Durable relief of 
symptoms did not appear to correlate with number of visceral 
arteries repaired.

At Oregon Health & Science University, the surgical approach 
to managing acute and CMI has changed in the last 2 decades. 
In 1994, Gentile et al.27 reported 26 patients who had 29 iso-
lated bypasses to the SMA for intestinal ischemia (23 chronic,  
5 acute, 1 asymptomatic). Perioperative mortality was 10%. 
Mean follow-up was 40 months, and the life table–determined 
4-year primary graft patency rate and survival rate were 89% 
and 82%, respectively. This compared favorably with contem-
porary reports in the literature. Based on this experience, 
revascularization of the SMA alone is recommended for most 
cases of intestinal ischemia.

Foley et al. recently reported a series of 50 SMA revascular-
izations, employing objective means to determine graft postop-
erative patency.19 This series differed from others with respect to 
the larger number of patients with previous attempts at revascu-
larization (24%), higher percentage of patients presenting with 
acute ischemia (42%), and higher percentage of patients requir-
ing  simultaneous bowel resection (28%). Overall perioperative 
mortality (12%), however, was comparable to other recent series. 
Perioperative mortality was 3% for patients operated on electively. 
The incidence of perioperative graft occlusions (6%) was similar 
to other recent series, only one of which contains a significant 
number of patients presenting with acute intestinal ischemia. 
Three graft occlusions occurred during long-term follow-up and 
resulted in death in two patients, accounting for 22% of late deaths. 
In this series, the  number of symptomatic late graft occlusions, 
number of deaths attributable to recurrent ischemia, and life 
table–determined survival were comparable to other recent series 
employing more complete visceral revascularizations (Table 27-1).

Although acute mesenteric ischemia is accompanied by a 
higher perioperative mortality rate, McMillan et al.29 found no dif-
ferences in long-term patency of bypass grafts between patients 
with acute or chronic ischemia. Two of the three late occlusions 
in this series occurred in patients whose initial graft was placed 
for CMI, but one of these occluded in the perioperative period and 
was replaced. Revascularization of the SMA alone continues to 
compare favorably with more complete mesenteric revascular-
izations. Several authors have noted that symptoms are an insen-
sitive measure of graft failure.23,29 With improvements in duplex 
scanning, several studies have objective data for long-term graft 
patency.29–31

INDICATIONS FOR OPERATION

Revascularization is clearly indicated for symptomatic intestinal 
ischemia. Revascularization for asymptomatic high-grade SMA 
obstruction is recommended only in patients undergoing other-
wise indicated aortic surgery for aneurysmal or occlusive disease. 
In this group of patients, acute intestinal ischemia following aor-
tic surgery has been well documented, and SMA reconstruction 
seems prudent.32
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TECHNIQUES OF SUPERIOR MESENTERIC  
ARTERY BYPASS

Retrograde Bypass

The distal infrarenal aorta as an origin for an SMA bypass graft 
has advantages and disadvantages. This exposure is familiar, and 
risks of dissection and clamping are less than with more proximal 
aortic exposures. In addition, the procedure can be readily com-
bined with other intraabdominal vascular procedures. The primary 
disadvantage is that the infrarenal aorta and iliac arteries are fre-
quently calcified, increasing the technical difficulty of the proxi-
mal anastomosis.

Prosthetic grafts are used most often in cases of mesenteric 
revascularization. Exceptions are cases complicated by bowel 
necrosis. For these patients, vein grafts are preferred to minimize 
the possibility of graft infection. Special attention to graft configura-
tion must be paid to avoid graft kinking when the graft is placed in 
a retrograde configuration. A preference for the origin of the graft 
is from the area of the junction of the aorta and right common iliac 
artery (CIA), although any suitable site on the infrarenal aorta 
or either CIA is satisfactory. A single limb is cut from a bifurca-
tion graft in the manner described by Wylie et al.; this provides a 
“flange” for sewing and prevents anastomotic stricture (Fig. 27-13). 
The ligament of Treitz is dissected. The proximal (inflow) anasto-
mosis is completed first. The graft is then arranged first cephalad, 
then turning anteriorly and inferiorly a full 180 degrees to termi-
nate in an antegrade anastomosis to the anterior wall of the SMA—
just beyond the inferior border of the pancreas (Fig. 27-14). The 
graft is excluded from the peritoneal cavity by closing the mesen-
teric peritoneum, reapproximating the ligament of Treitz, and clos-
ing the posterior parietal peritoneum.

Antegrade Bypass

Antegrade bypasses originate from the anterior surface of the 
aorta proximal to the CA. The proximal aorta is exposed through 
the upper midline (Fig. 27-15) or, when the intra abdominal supra-
celiac aorta is calcified, using a low thoracoabdominal incision. 
Antegrade bypass provides prograde flow to the mesenteric ves-
sels and is clearly the preferred approach in patients with con-
traindications to use of the infrarenal aorta or an iliac artery as a 
bypass origin. Visceral bypass grafts can be constructed to many 
supraceliac aortas with partial-occlusion clamping of the aorta, 
although in most cases the “partial” occlusion is near-total occlu-
sion. Transient hepatic and renal ischemia is usually well toler-
ated but is a potential disadvantage to the antegrade approach. 
To minimize the risk associated with supraceliac aortic surgery, 
the procedure should be reserved for patients in whom this arte-
rial segment is angiographically normal. Significantly diseased 
supraceliac aortas are dangerous origins for a visceral artery 
bypass.

Antegrade grafts to the SMA are normally tunneled behind the 
pancreas and anastomosed to the anterior wall of the SMA in end-
to-side fashion (Fig. 27-16). A disadvantage of antegrade bypass is 
that the retropancreatic space is limited, and great care is neces-
sary when tunneling the graft. Some surgeons advocate prepancre-
atic tunneling to avoid compression of the graft within the tunnel.  
A prepancreatic tunnel, however, places the graft in opposition 
to the posterior wall of the stomach and theoretically increases 
the possibility of graft infection. Occasionally, in the setting of 
very focal SMA origin disease and an easily mobilized pancreas, 
the antegrade bypass can be constructed entirely superior to the 
 pancreas, obviating the need for a retropancreatic tunnel.

Postoperative Monitoring of Graft Patency

The authors use sterilized Doppler probes to confirm normal flow 
signals in visceral artery bypass grafts and in the native mesen-
teric arteries distal to the anastomotic sites after graft completion. 

 
AUTHOR

PATIENTS  
(% ACUTE)

PERIOPERATIVE 
MORTALITY (%)

PERIOPERATIVE 
OCCLUSIONS (%)

LATE  
OCCLUSIONS*

% LATE DEATHS 
FROM ISCHEMIA

5-YEAR 
SURVIVAL† (%)

Foley 2000 50 (42) 12  6  3 22   61

Mateo 1999¶  85 (0)  8 3.5 16 21  64

Kihara 1999¶  42 (0) 10  0  4 33  70

Moawad 1997¶  24 (0)  4  4  2 25   71

McMillan 1995¶ 25 (36) 12  4  0  0 N/A‡

TABLE 27-1 Recent Mesenteric Revascularization Outcomes

*Symptomatic recurrences.
†Life-table determined.
‡Not available.
¶Included multiple-vessel revascularizations.
From Foley MI, Moneta GL, Abou-Zamzam AM, et al: Revascularization of the superior mesenteric artery alone for treatment of intestinal ischemia. J Vasc Surg 32:37, 2000; Mateo RB, O'Hara PJ, 
Hertzer NR, et al: Elective surgical treatment of symptomatic chronic mesenteric occlusive disease: early results and late outcomes. J Vasc Surg 29:821, 1999; Kihara TK, Blebea J, Anderson KM, et al: 
Risk factors and outcomes following revascularization for chronic mesenteric ischemia. Ann Vasc Surg 13:37, 1999; Moawad J, McKinsey JF, Wyble CW, et al: Current results of surgical therapy for 
chronic mesenteric ischemia. Arch Surg 132:613, 1997; and McMillan WD, McCarthy WJ, Bresticker M, et al: Mesenteric artery bypass: objective patency determination. J Vasc Surg 21:729, 1995.

FIGURE 27-13 Artist's depiction of technique of infrarenal aorta–to–
superior mesenteric artery (SMA) bypass. Graft is fashioned using one limb 
of a bifurcated graft.
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Arterial Doppler signals should be easily detected on the antimes-
enteric border of the revascularized bowel as well. It is important to 
repeat Doppler insonation after all packs and retractors have been 
removed and after the viscera have been returned to the perito-
neum. This approach helps minimize technical failures from graft 
kinking.

In contrast to the situation with other vascular repairs, continu-
ous monitoring of the patency of visceral artery repairs is impos-
sible in the postoperative period. Postoperative graft thrombosis 
may be asymptomatic or confused with other causes of postop-
erative pain. When symptoms do occur with resumption of oral 
intake, reoperation may be difficult or impossible because of 
postoperative inflammatory scarring. Thus, routine imaging of 
the reconstruction 5 to 7 days postoperatively to confirm  visceral 

revascularization patency is prudent (Figs. 27-17 and 27-18). If 
the graft is occluded or otherwise unsatisfactory, reoperation is 
mandatory.

Postoperative Care

Patients with chronic visceral ischemia often have significant isch-
emic bowel injury that requires time for recovery. “Food fear” due 
to preoperative postprandial pain may persist at least temporarily. 

FIGURE 27-14 Artist's depiction of a retrograde mesenteric bypass to 
celiac and superior mesenteric arteries, with reimplantation of inferior 
mesenteric artery (IMA).

FIGURE 27-15 Artist's depiction of exposure of supraceliac aorta.

FIGURE 27-16 Artist's depiction of technique of antegrade bypass 
from supraceliac aorta to celiac and superior mesenteric arteries.

FIGURE 27-17 Postoperative arteriogram showing patent prosthetic 
graft from iliac artery to superior mesenteric artery (SMA).
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Prolonged periods of inability to achieve adequate oral nutrition 
are frequent following visceral revascularization. For this reason, 
total parenteral nutrition is used liberally. Some patients with 
severe preoperative ischemia develop postoperative revasculariza-
tion syndrome, which consists of abdominal pain, tachycardia, leu-
kocytosis, and intestinal edema. It has been attributed to intestinal 
vasospasm after revascularization.33 Any departure from a normal 
postoperative course should prompt arteriography, reexploration, 
or both. Delayed diagnosis of graft occlusion or intestinal necrosis 
is usually fatal.

ENDOVASCULAR THERAPY FOR MESENTERIC 
OCCLUSIVE DISEASE

Catheter-based therapy has become an accepted method for the 
treatment of mesenteric occlusive disease, especially in patients 
who are frail and unable to tolerate an operation, and those who 
have short-segment SMA disease. Whereas long-segment stenoses, 
heavily calcified arteries, or irregular plaques are generally more 
amenable to operative revascularization, short-segment SMA dis-
ease allows for angioplasty and stenting (Figs. 27-19 and 27-20) 
with good short-term and reasonable long-term results. Initial pub-
lished series reported immediate technical success with endovas-
cular therapy, but long-term success rates were disappointing early 
on and inferior to open surgery. Mortality and complication rates 
in these studies range from 0% to 6% and 0% to 32%, respectively.

In a study by Sharafuddin et al., 25 patients underwent angio-
plasty and stenting of the SMA or CA.34 Primary patency deter-
mined by ultrasound was 92% at 6 months. Early series established 
that endovascular treatment of mesenteric artery stenosis is techni-
cally feasible, but no data were available with respect to long-term 
durability. More recently, Lee et al. showed a primary patency rate of 
69% at 7 years, but freedom from recurrent symptoms was only 56%. 
Although endoluminal therapy for CMI carries low morbidity and 
mortality, long-term therapeutic benefit is not as reliably achieved; 
 catheter-based treatment should be reserved for patients without a 
good surgical option.35

To date, there have been several studies, mostly retrospective, 
comparing the durability of endovascular revascularization for 
CMI with operative bypass. A comparison was made by Kasirajan 
et al.36 where 28 patients were treated with percutaneous angio-
plasty (PTA) with and without stenting and compared to a pre-
viously reported series of 85 patients treated with a variety of 
operative procedures for CMI. Early complication rates and mortal-
ity rates were similar, but the rate of recurrent symptoms was higher 
in the PTA/stent group.36 A second group, Sivamurthy et al.,37 
evaluated 60 patients treated with either operative reconstruction 
or angioplasty and stenting for CMI. Perioperative and 3-year mor-
tality rates were similar between the groups, and overall patency 

FIGURE 27-18 Postoperative computed tomographic angiogram (CTA) 
of a patent prosthetic graft from iliac artery to superior mesenteric 
artery (SMA).

SMA
stenosis

FIGURE 27-19 Lateral aortogram demonstrating stenosis of superior 
mesenteric artery (SMA) just prior to stent placement.

SMA with
stent

FIGURE 27-20 Lateral aortogram demonstrating patency of superior 
mesenteric artery (SMA) just after stent placement.
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rates were not statistically different. The major difference between 
these groups was the number of patients free from recurrent symp-
toms, which was worse in the angioplasty and stent group than in 
the  operative group (46% vs. 71%, respectively).37

A recent paper by Davies et al.38 confirms prior conclusions. 
Their group performed a retrospective review of 27 patients with 
56 diseased vessels; 17 operative revascularizations were per-
formed (38 vessels), and 15 endovascular reconstructions were 
performed (28 vessels). Both groups were similar in comorbidities 
and anatomy of disease. The primary patencies of the operative 
revascularizations and endovascular reconstructions groups was 
83% and 54%, respectively. More patients in the operative revascu-
larization group were free from symptoms at 1 and 2 years than 
in the endovascular repair group (100% vs. 73%, P = 0.014).38 In 
another recent publication, Schermerhorn et al. looked at the 
Nationwide Inpatient Sample to compare mortality and compli-
cation rates between patients treated with PTA and stenting and 
patients treated with open surgery for mesenteric ischemia. This 
study included over 6000 patients undergoing PTA/stent and over 
16,000 patients undergoing open surgery. Overall mortality rates 
were lower for those patients undergoing PTA/stent than after open 
surgery for both acute mesenteric ischemia (16% vs. 28%) and CMI 
(3.7% vs. 13%).39

Given these data, endovascular reconstruction for mesenteric 
ischemia is feasible and can be a good option, although long-
term symptom recurrence is worse with angioplasty and stenting. 
Endovascular options, however, could be considered in patients 
requiring more time to improve nutritional status prior to under-
going elective bypass operations, or perhaps in those patients who 
have an expected short-term lifespan.

Summary
Symptomatic CMI remains uncommon. Recognition and treatment 
of CMI may avoid progression to acute ischemia, alleviate symp-
toms, and provide durable long-term relief. This may be accom-
plished by a number of techniques. Single-vessel bypass to the SMA 
compares favorably in terms of graft patency, death from recurrent 
ischemia, and survival to recent reports of intestinal revasculariza-
tions employing bypasses to multiple arteries.

With the small numbers of patients in previously published series, 
as well as differences in patient selection, it has been difficult to 
demonstrate a significant benefit of one technique over others. The 
technical issues involved in mesenteric revascularization are basic 
vascular surgical principles: choice of proximal anastomosis, distal 
target, and conduit. It is largely accepted that prosthetic grafts are 
effective for mesenteric revascularization. However, there has been 
considerable debate surrounding the choice of inflow vessel, num-
ber of vessels revascularized, and orientation of the graft. Surgeons 
should choose a revascularization procedure for CMI that fits the 
patient. It is not necessary to rigidly adhere to a single approach. 
If the operation is well planned and technically well performed, 
excellent results can be expected.

Acute Nonocclusive Mesenteric Ischemia
SIGNS AND SYMPTOMS

Acute NOMI occurs as a result of severe and prolonged mesen-
teric arterial vasospasm without evidence of arterial or venous 
obstruction and has been well documented. Twenty-five percent of 
patients with acute mesenteric ischemia have NOMI, and mortal-
ity rates between 30% and 90% have been reported.40 Patients with 
NOMI are often critically ill with decreased cardiac output and epi-
sodes of hypotension. They also tend to have significant comor-
bidities that can result in decreased intestinal perfusion. Although 
a hypoperfusion state is present in most patients with NOMI, some 
have NOMI due to visceral vasoconstriction alone, as is the case 
with cocaine or ergot intoxication.41,42 Early definitive diagnosis 
and treatment are essential for patient survival.

Recognition of factors associated with NOMI is critical to its  
prompt diagnosis. These include acute myocardial infarction 
(AMI), congestive heart failure (CHF), valvular heart disease,  
aortic  dissection, cardiopulmonary bypass (CPB), renal failure 
requiring hemodialysis, sepsis, and the use of pharmacological 
agents such as vasopressors and digitalis.43–45

Findings on physical examination are varied and do not confirm 
or exclude the diagnosis of NOMI. Abdominal pain may be pres-
ent and can vary widely in character, location, and intensity but is 
absent in 20% to 25% of patients with NOMI.44 Abdominal disten-
tion with occult or frank gastrointestinal bleeding may be present. 
As in occlusive acute mesenteric ischemia, laboratory values are 
nonspecific.

RADIOLOGICAL DIAGNOSIS

Radiological evaluation of patients with NOMI is similar to that of 
patients with occlusive acute mesenteric ischemia. Plain abdomi-
nal films are obtained to rule out a perforated viscus. If technically 
feasible, duplex ultrasonography may detect persistent flow in the 
mesenteric arteries and exclude occlusive disease.

Patients suspected to have NOMI should undergo urgent mes-
enteric angiography to confirm the diagnosis. Significant mortality 
is associated with a delayed diagnosis. Images in the anteropos-
terior and lateral planes are obtained. Findings of NOMI include 
patent mesenteric arterial trunks, with tapered or spastic narrow-
ing of  visceral artery branches and impaired filling of intramural 
vessels.44

TREATMENT

The primary treatment of NOMI is correction of the systemic con-
dition leading to generalized hypoperfusion. The largest percent-
age of patients with NOMI have severe cardiac failure.46–53 Etiology 
of the cardiac failure is not as important as optimization of blood 
pressure and cardiac output with as little dependence as possible 
on agents that result in peripheral vasoconstriction.

In the past, digitalis was frequently used to treat congestive heart 
failure. Although digitalis is used much less frequently in modern 
practice, many patients remain on this drug or one of its deriva-
tives. Patients treated with digitalis preparations are at risk for 
NOMI in the setting of worsening congestive heart failure.50 Animal 
experiments indicate that baseline intestinal arterial resistance is 
not altered by digitalis, but compared with controls, arterial resis-
tance in animals treated with digitalis does increase in response 
to intestinal venous hypertension.54 Thus, patients who are treated 
with digitalis and have increases in portal pressure, such as occur 
with worsening heart failure, may be more susceptible to develop-
ment of NOMI as a result of arterial mesenteric vasoconstriction. 
In patients with possible NOMI, digitalis preparations must be with-
drawn and alternative medications used to treat underlying car-
diac abnormalities.

In patients with peritonitis, an operation is required to ade-
quately evaluate bowel viability. For this reason, catheter-based 
therapy alone is insufficient in patients with peritoneal findings. At 
operation, the bowel is inspected for viability and necrotic intes-
tine removed. A handheld Doppler instrument is used to assess the 
mesenteric vessels proximally and distally.55 Intravenous (IV) fluo-
rescein is also used to evaluate areas of possible ischemia; absent, 
perivascular, or patchy fluorescein patterns represent areas of isch-
emia.56 A “second look” procedure within 24 to 48 hours allows for 
reassessment of bowel viability, and additional bowel resection 
can be performed if necessary.

Mesenteric Venous Thrombosis
SIGNS AND SYMPTOMS

Patients with MVT present with a wide range of symptoms rang-
ing from asymptomatic state to an acute abdomen with perito-
neal signs on physical exam. Acute mesenteric ischemia occurs 
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in approximately 25% of patients as a result of MVT.57,58 Abdominal 
pain is the most common symptom and is present in approximately 
80% of patients with documented MVT.58 Typically, patients present 
with prolonged abdominal discomfort associated with abdominal 
distention related to increasing intestinal edema. With transmural 
bowel infarction, peritoneal findings may be present in addition 
to other symptoms such as nausea, vomiting, and/or gastrointes-
tinal bleeding, which can be present in 20% to 30% of patients. 
Leukocytosis and metabolic acidosis may accompany MVT that 
has resulted in bowel infarction; these patients generally have 
reduced intravascular volume as a result of fluid third-spacing. In 
addition to urgent anticoagulation, they often need aggressive fluid 
resuscitation. Ileus is also present in these patients, and bowel rest 
and decompression with nasogastric suction is required.

Mesenteric venous thrombosis can be classified into primary or 
secondary thrombosis. Primary MVT is associated with hereditary 
or acquired hypercoagulation disorders including factor V Leiden 
and deficiencies of protein C, protein S, and antithrombin III. 
Secondary MVT can result from malignancy or inflammatory dis-
orders, and is also associated with trauma, cirrhosis, portal hyper-
tension, or oral contraceptives.

RADIOLOGICAL DIAGNOSIS

Plain abdominal radiographs are usually obtained in patients with 
abdominal pain. Free air suggestive of a perforated viscus should 
be ruled out. However, in most patients with MVT, plain abdomi-
nal radiographs show a nonspecific bowel gas pattern and are 
generally nondiagnostic.

In patients who have minimal abdominal pain or are asymp-
tomatic, duplex ultrasonography may be used to evaluate 
patency of the mesenteric veins. The examination is performed 
after a period of fasting, and blood flow velocities within the 
aorta, inferior vena cava (IVC), hepatic veins, portal vein, hepatic 
artery, splenic vein, and superior mesenteric vein are evaluated. 
Additional information that can be obtained from duplex ultraso-
nography include the presence or absence of ascites, recanalized 
umbilical vein, and/or liver mass. Hepatopetal (toward the liver) 
or hepatofugal (away from the liver) flow within the portal vein 
can also be determined.

Duplex ultrasonography is limited in the evaluation of the mes-
enteric veins when there is severe ascites, recent surgery or liver 
biopsy, and obesity. Occasionally the liver is located high in the 
right upper quadrant and is obscured by ribs. In patients with 
peritoneal findings, duplex ultrasonography is difficult to perform 
because of patient discomfort and significant amounts of bowel gas.

Currently, contrast-enhanced abdominal CT scanning is the  
diagnostic study of choice in patients suspected of having MVT. 
In addition to MVT, CT scanning can accurately detect portal and 
ovarian vein thrombosis. Other suggestive findings include bowel-
wall thickening, pneumatosis intestinalis, or mesenteric edema. In 
one series, contrast-enhanced abdominal CT scanning was diag-
nostic for MVT in 90% of patients.58

Arterioportography is indicated when associated arterial isch-
emia is suspected or when findings on abdominal CT scanning 
are equivocal. The mesenteric venous system cannot be directly 
punctured, but is visualized indirectly through catheter-directed 
contrast injections into the SMA and CA, followed by delayed film-
ing (Fig. 27-21). Mesenteric venous thrombosis is demonstrated by 
a filling defect within the mesenteric veins.

TREATMENT

Urgent laparotomy is undertaken in patients with peritoneal find-
ings. This is a minority of patients with MVT. Perioperative broad-
spectrum antibiotics are administered. Findings at laparotomy 
consist of edema and cyanotic discoloration of the mesentery and 
bowel wall with thrombus involving the distal mesenteric veins. 
Complete thrombosis of the superior mesenteric vein is rare, occur-
ring in only 12% of patients undergoing laparotomy for suspected 
MVT.59 The arterial supply to the involved bowel is usually intact. 

Nonviable bowel is resected and primary anastomosis performed. 
If viability of the remaining bowel is in question, a repeat “second 
look” operation is performed in 24 to 48 hours. Thrombolytic ther-
apy or surgical thrombectomy of mesenteric veins is not required; 
these interventions are not usually technically successful.

In patients without peritoneal findings, anticoagulation with IV 
unfractionated heparin (UFH) is promptly initiated, and the patient 
is observed with serial abdominal examinations while maintaining 
bowel rest. Ileus may be prolonged, so hyperalimentation should 
be considered early. Once the patient's clinical status improves, 
oral intake can be cautiously introduced.  A search for a predispos-
ing primary or secondary hypercoagulable condition is required. 
In the interim, the patient is transitioned to oral anticoagulation 
over 3 to 4 days, once intestinal function has returned. Lifelong anti-
coagulation is usually maintained, especially in cases of idiopathic 
MVT or when an uncorrectable hypercoagulable state has been 
identified.
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VASCULOGENIC ERECTILE DYSFUNCTION

C H A P T E R  28  Vasculogenic Erectile Dysfunction
Kirk A. Keegan, David F. Penson

Introduction
The first historical descriptions of erectile dysfunction (ED) 
date back to Egyptian papyrus nearly 4000  years ago. Egyptian 
 scholars described two types of ED: a “natural” form in which the 
man was incapable of performing the sex act, and a “supernatu-
ral” form rooted in evil charms and spells.1 Ancient thinkers such 
as Hippocrates and Aristotle also theorized on the etiology of ED. 
However, the first accurate depiction of penile anatomy and rudi-
mentary analysis of erection was not published until 1585, when 
Ambroise Paré described it in his Ten Books on Surgery and the 
Book of Reproduction.2 In these texts, Paré portrayed the penis as a 
tube with concentric coats of nerves, veins, arteries, two “ligaments” 
composed of the corpora cavernosa, and the urinary tract.

Over the succeeding centuries, there has been considerable 
investigation into the hemodynamic and anatomical mechanisms 
of male erection. Modern understanding of erectile physiology has 
been delineated only in the last 30 years. Central to our current the-
ories of erectile physiology is the role of smooth muscle in control 
of arterial and venous flow, the architecture of the tunica albu-
ginea, the role of nitric oxide (NO) as the principal neurotransmit-
ter regulating tumescence, and the function of phosphodiesterases 
(PDEs) for detumescence. Recent research on the role of endothe-
lial regulation of smooth muscle, the influence of ion channels, and 
the integral function of endothelial gap junctions has furthered our 
understanding. This chapter will review these findings, as well as 
the prevalence, clinical evaluation, diagnostic testing, medical and 
surgical management, clinical outcomes, and current guidelines 
regarding vasculogenic ED in detail.

Definition and Classifications
In 1992, the National Institutes of Health convened a Consensus 
Development Conference on Impotence. The group renamed 
impotence as male erectile dysfunction and defined it as “the 
inability to achieve or maintain an erection sufficient for satisfac-
tory sexual performance.”3 Furthermore, they noted that erectile 
dysfunction represents the most appropriate term, given that sexual 
desire, orgasm, and ejaculation may be intact despite inability to 
achieve or maintain erection.

Multiple schema have been proposed to classify the differ-
ent types of ED. Broadly, ED can be described in terms of organic 
and psychogenic dysfunction (Box 28-1). The main thrust of this 
 chapter will center on vasculogenic ED, which comprises impaired 
endothelial function, arterial occlusive disease, veno-occlusive dys-
function, and structural changes to the corpora cavernosa.

Prevalence and Incidence
Erectile dysfunction is quite common, affecting approximately 30 mil-
lion men in the United States.4 Several population-based studies have 
been performed to address male sexual function and specifically the 
prevalence and incidence of ED in the American male population.  

The 1992 National Health Social and Life Survey (NHSLS) was a 
national survey of 1410 American men between the ages of 18 
and 59. In the study group, the prevalence of ED in men aged 18 
to 29 years was 7%, aged 30 to 39 was 9%, aged 40 to 49 was 11%, 
and aged 50 to 59 was 18%.5 The Massachusetts Male Aging Study 
(MMAS), a longitudinal population-based study, evaluated 1709 
men between the ages of 40 and 70 who returned questionnaires 
about a broad range of physiological measures, demographic 
information, and self-reported sexual function. Participants were 
surveyed between the years 1987 and 1989 and then reevaluated 
between 1995 and 1997. In this series, the age-adjusted prevalence 
of significant ED was 39% in men with coronary artery disease 
(CAD), 25% in men with diabetes mellitus, and 15% in men with 
hypertension. Incidence of ED on reevaluation was 25.9 cases per 
1000 men per year (95% confidence interval [CI], 22.5-29.9).6 Using 
these data, it was estimated that for Caucasian men, 617,715 new 
cases of ED would present in the 40 to 69 age group each year.7 
Data from European and Brazilian researchers suggest a similar 
incidence of ED in their respective countries.8,9

Functional Anatomy
The functional anatomy of the human penis is composed of 
several key components. Principally, these are three cylindrical 
 structures—two corpora cavernosa surrounded by a tough tunica 
albuginea, and the solitary corpus spongiosum which contains 
the urethra. Vascular components include arteries and arterioles, 
highly compliant sinusoids within the corpora cavernosa, and 
compressible venules and veins.

Corporal Bodies, Sinusoids, and Glans
The corpora cavernosa are paired spongy cylinders that lie 
on the superior aspect of the penis. They are enveloped by the 
tunica albuginea. The proximal ends of the corpora are separate 
 structures anchored at the ischial ramus. The corpora then fuse 
underneath the pubic ramus and share a common septum distally 
towards the glans.

Within the corpora, interconnected sinusoids are enveloped 
by trabeculae of smooth muscle, collagen, and elastin (Fig. 28-1). 
The sinusoidal smooth muscle is in intimate association with the 
cavernous nerves and helicine arteries within the penis. The sinu-
soids are tonically constricted during the flaccid state. Arterial 
blood flow diffuses through larger central sinusoids to smaller 
peripheral sinusoids. In the flaccid state, this slow diffusion of 
arterial blood results in blood gas values similar to venous blood. 
During sexual stimulation, release of neurotransmitters causes 
the smooth muscle around the sinusoids to relax. This results in 
rapid influx of arterial blood, subsequent entrapment of blood 
within these expanding sinusoids, and occlusion of veins travers-
ing the tunica albuginea. Subsequent tumescence results in pres-
sure increases of several hundred mmHg and blood gas values 
approaching arterial levels.10
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The interior of the glans and corpus spongiosum share a simi-
lar sinusoidal architecture as the corpora cavernosa. However, the 
tunica surrounding the spongiosum is thinner and is completely 
absent around the glans. The corpus spongiosum is a highly com-
pliant body that houses the urethra and facilitates expulsion of 

semen. The glans is exquisitely sensitive, conical in shape, eases 
intromission, and forms a cushion for the rigid corporal bodies. 
These areas engorge in a similar fashion as the corpora cavernosa 
but to a lesser degree, largely owing to an absence of the tunica 
albuginea and diminished venous trapping.

Tunica Albuginea
The tunica albuginea is composed primarily of tough type I colla-
gen with a minority component of more flexible type III collagen 
and elastin. It is arranged in a bilayer, with inner circular layers and 
outer longitudinal layers (see Fig. 28-1). Intervening struts traverse 
the body of the corpora cavernosa and provide further support.11 
The longitudinal layers of the tunica are present from the glans to 
the proximal crura, where each corporal body inserts into its ischial 
ramus to form a foundation for support of the erect penis. Emissary 
veins (Fig. 28-2) pierce the tunica albuginea. During engorgement, 
these veins become compressed and allow entrapment of blood 
within the penis.

Arterial System
The internal pudendal artery, a branch of the internal iliac artery 
(IIA), is the principal source of blood flow to the penis. Up to 70% 
of men may have accessory pudendal branches that originate from 
the external iliac, obturator, or vesical arteries.12 The internal puden-
dal artery gives rise to the penile artery, which in turn branches 
in to the dorsal, bulbourethral, and cavernous arteries (Fig. 28-3). 
The cavernous artery supplies the corpus cavernosum via helicine 
arteries, which lie in close approximation to the sinusoidal tissue. 
During erection, these vessels dilate, resulting in engorgement.

Venous System
Venous drainage originates from the three corporal bodies. Venules 
interdigitate through the cavernosal sinusoids and coalesce below 
the tunica albuginea into a subtunical plexus. The plexi then form 
emissary veins that penetrate the tunica albuginea. From there, 
numerous subcutaneous veins course along the shaft of the penis 
to form the superficial dorsal vein and a deep dorsal venous sys-
tem, which in turn drain into the saphenous vein and retropubic 
venous plexus, respectively13 (Fig. 28-4; also see Fig. 28-2).

Nervous System
Penile innervation occurs via both autonomic (parasympa-
thetic and sympathetic) and somatic (motor and sensory) 
pathways. Erection and detumescence are largely regulated 
via the autonomic system. Sympathetic and parasympathetic 
nerves coalesce to form the cavernous nerve, which penetrates 
the corpora cavernosa to exert its effect on erection (Fig. 28-5). 
Sensation and contraction of penile musculature occurs via the 
somatic nerves.

FIGURE 28-1 Drawing of three-dimensional anatomy of human penis, 
demonstrating inner circular layers and outer longitudinal layers of the 
tunica albuginea, intervening supports, sinusoidal tissue in corpora 
cavernosa, corpus spongiosum, and urethra.

Emissary
vein

Subtunical
venous plexus

Tunica
albuginea

Flaccid State

A

Erect State

B
Expanded

sinuses

Compressed
subtunical
venous plexus

FIGURE 28-2 Penile erection. A, When flaccid, the corpora cavernosa, including arterioles, sinusoids, and arteries, are contracted. This allows free flow of blood 
through intervening sinusoidal spaces. Blood exits the corpora cavernosa via emissary veins. B, During erection, arterioles, sinusoids, and arteries relax. This constricts 
venules and veins and effectively compresses emissary veins under the tunica albuginea. Vascular inflow exceeds outflow, effectively creating an erection.

Box 28-1 International Society of Impotence 
Research Classification of Erectile Dysfunction

Organic
I. Vasculogenic
II. Neurogenic
III. Anatomic
IV. Endocrine

Psychogenic
I. Generalized

A. Lack of Response
B. Inhibition

II. Situational
A. Partner related
B. Performance related
C. Distress related
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AUTONOMIC PATHWAYS

Between the T11 and L2 spinal segments, the sympathetic trunk 
begins. These fibers then form the sympathetic chain ganglia, which 
continue caudally to the inferior mesenteric and superior hypogas-
tric plexi. Further sympathetic fibers exit to form the hypogastric 
nerves, and ultimately the sympathetic portions of the pelvic plexus.14

Between the S2-S4 spinal cord segments, the parasympathetic 
pathway originates. These fibers also continue caudally to the 
pelvic plexus (see Fig. 28-5), where they join the aforementioned 
sympathetic nerves. Together, these nerves then join to form a net-
work of nervous tissue that passes along the lateral and posterior 
aspect of the prostate to create the cavernous nerves.15 Stimulation 
of the sympathetic trunk via the cavernous nerves results in detu-
mescence. Excitation of the parasympathetic aspects of the pelvic 
plexus and cavernous nerves is responsible for erection. To avoid 
iatrogenic ED, clear understanding of the location of these nerves 
is critical during pelvic surgery such as radical prostatectomy or 
abdominal perineal resection.

SOMATIC PATHWAYS

Sensory receptors in the penile skin and glans are unique in the 
human body.16 They are composed of free nerve endings compris-
ing unmyelinated C fibers and thin myelinated A-delta fibers. These 
coalesce into the dorsal nerve of the penis, which ultimately forms 
the pudendal nerve. The pudendal nerve then enters the S2-S4 
nerve roots at the spinal cord. Via spinothalamic and spinoreticu-
lar pathways, sensations such as touch, pain, and temperature are  

perceived.17 Interestingly, research by Burnett et al.18 suggests that the  
dorsal nerve of the penis carries both autonomic and somatic signals, 
and therefore contributes to penile sensation, erection, and ejaculation.

Pathophysiology of Erectile Dysfunction
Vasculogenic Erectile Dysfunction
As noted in Box 28-1, ED often represents a multifactorial dis-
ease state. Although the focus of this chapter is on the vascu-
logenic determinants of ED, it is worth noting that within an 

Int. Pudendal a.

Bulbar a.

Circumflex cavernosal a.

Circumflex a.

Cavernosal a.

Dorsal a.

FIGURE 28-3 Penile arterial supply.
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FIGURE 28-4 Penile venous drainage.
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FIGURE 28-5 Penile nerves.
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individual patient, neurological, hormonal, or psychological eti-
ologies of ED may be of contributory or even primary impor-
tance. With that said, it is clear the vascular system is responsible 
for providing blood flow to the erectile tissues of the penis, so 
any dysfunction within the vascular system may affect erectile 
function.

ARTERIOGENIC ERECTILE DYSFUNCTION

Arteriogenic ED can be due to atherosclerotic or traumatic arte-
rial occlusive disease. Michal and Ruzbarsky19 noted impaired 
penile perfusion is an indicator of generalized atherosclerotic dis-
ease, and that the age of onset of ED and CAD is often similar. In 
fact, ED has been shown to be a bellwether for development of 
CAD in asymptomatic men,20 and both diseases share the same 
risk  factors—specifically smoking, diabetes, hypercholesterolemia, 
and hypertension.21

In arteriogenic ED, the corpora cavernosa demonstrate lower 
oxygen tension,22 which may result in a decreased volume of sinu-
soidal smooth muscle and subsequent venous leak.23 In an experi-
mental animal model, rabbits with iatrogenic iliac atherosclerotic 
disease demonstrated alterations in their downstream penile 
arteries and a reduction in cavernosal smooth muscle content.24 
These alterations were associated with decreased nitric oxide syn-
thase (NOS)- and NO-mediated relaxation of corpora cavernosal 
 tissue.25 Erectile dysfunction due to traumatic stenosis of cavern-
ous or pudendal arteries has been noted in young men with pelvic 
trauma26 and in long-distance cyclists.27

VENOGENIC ERECTILE DYSFUNCTION

Not only can diabetes, hypertension, hypercholesterolemia, 
and penile injury result in penile arterial disease, these disor-
ders can also result in loss of elastic fibers within the caver-
nosal venules and sinusoids. This loss of compliance results in 
diminished venous trapping and subsequent veno-occlusive 
dysfunction.28 In fact, diminished venous occlusion may rep-
resent the most common form of vasculogenic ED.29 Loss of 
smooth  muscle relaxation due to heightened adrenergic tone 
or decreased NO release may exacerbate already poor com-
pliance in these fibrotic sinusoids.30 Finally, fibrosis leading to 
increased collagen deposition between cell membranes may 
abolish critical signaling and intercellular transmission via dis-
rupted gap junctions.31

Drug-Induced (Iatrogenic) Erectile Dysfunction
The data are clear that diabetes, hypercholesterolemia, and hyper-
tension have strong influences on ED. Not surprisingly, some of the 
medications used to treat these disorders have been implicated as 
contributing factors in its development. However, it is often diffi-
cult to ascertain the direction of causation in medication-induced 
ED. Of the cardiovascular medications, thiazide diuretics have the 
strongest association with development of ED. Chang et al.32 dem-
onstrated that men treated with thiazide diuretics showed a sig-
nificant increase in ED relative to those men prescribed placebo 
medication. Further evidence of the role of thiazides in ED was 
noted in the Treatment of Mild Hypertension Study (TOMHS), 
which demonstrated the prevalence of ED was twofold higher in 
men taking a thiazide versus placebo or other agent.33 Curiously, 
after 4 years of treatment in this study, prevalence of ED within the 
placebo group approached that of those receiving thiazide. The 
significance of this finding is unclear but may be related to early 
unmasking of clinically undetected ED in those men receiving 
thiazides.

Nonselective β-blockers such as propranolol have been shown 
to inhibit erection compared to placebo, but this has not been 
demonstrated in selective β

1-antagonists.34 In clinical series, there 
does not appear to be a deleterious influence of either angioten-
sin-converting enzyme (ACE) inhibitors or calcium channel block-
ers on erection.33,35 Interestingly, angiotensin receptor antagonists 

and some statins, such as atorvastatin, appear to improve erec-
tile function.36,37 Of note, some α-blockers, such as terazosin, have 
 occasionally been implicated in the development of priapism, or 
pathological erection, likely related to the α-adrenergic blockade 
of the sympathetic outflow necessary for detumescence.38 Other 
medications implicated in the development of ED include spirono-
lactone, some antipsychotics, selective serotonin reuptake inhibi-
tors, opiates, and antiandrogens.39

Evaluation of Erectile Dysfunction
Evaluation and treatment of a man presenting with ED has 
changed considerably over the last 30 years. This shift is largely 
due to the influence of oral therapies for treatment and a tran-
sition to a more patient-centered and evidence-based treat-
ment plan. Evaluation should begin with an in-person and 
detailed medical, sexual, and psychosocial history (Fig. 28-6). 
Additionally, the use of a quantifiable questionnaire such as the 
International Index of Erectile Function (IIEF)40 may be useful 
to establish baseline sexual function and to assess future treat-
ment efficacy.

History
The history should begin with a thorough discussion of the 
patient's medical history, with particular attention to medical 
comorbidities. As previously mentioned, ED is an early marker 
for systemic atherosclerotic disease, and all patients should 
be questioned about their cardiovascular health.41 In particu-
lar, a detailed discussion regarding any chest pain, palpitations, 
 dyspnea, and limb pain may reveal occult CAD, congestive heart 
failure, or peripheral artery disease. Querying the patient about 
his medication use may elucidate agents that contribute to ED 
or may be contraindications to oral PDE therapy (e.g., nitrates). 
A sexual history should focus on timing,  duration, and severity 

Evaluation of ED

Educate patient about comorbidities and risk factors
Counsel patient and partner about treatment options

Initiate medical treatment

PDE5 inhibitor - generally first line
Other oral treatments

Local therapy - injections/vacuum

Reevaluate, if dissatisfied:
Dose adjustment
Patient education

Alternate therapies

If continued dissatisfaction:
Referral to specialist

Urologist or psychosocial specialist

FIGURE 28-6 Algorithm for evaluation of erectile dysfunction (ED). PDE, 
phosphodiesterase 5. (Adapted from Lue TF, Giuliano F, Montorsi F, et al: Summary 
of the Recommendations on sexual dysfunctions in men, J Sex Med 1:6–23, 2004, 
and Lue, TF, Broderick, GA: Evaluation and nonsurgical management of erectile 
dysfunction and premature ejaculation. In Wein AJ, Kavoussi LR, Nocik AC, et al, 
editors: Campbell-Walsh Urology, ed 9, Philadelphia, 2007, Saunders, pp 751–752.)
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of the patient's ED, as well as the occurrence of other associated 
problems, such as premature ejaculation, desire, or anorgasmia. 
To complete the sexual history, a psychosocial  evaluation may be 
relevant; sexual dysfunction may affect self-esteem and coping. 
Both depression and treatment for depression may be associated 
with ED.

Physical Examination
Physical examination may be equally revealing. The patient's gen-
eral appearance may alert the physician to serious underlying 
cardiovascular disease if the patient is cyanotic, dyspneic, ema-
ciated, or plethoric. Additional pertinent findings on physical 
examination include general body habitus, secondary sex charac-
teristics, staining of fingers associated with smoking, nail clubbing, 
 lower- extremity ulcers, or edema. A thorough cardiopulmonary 
examination is required. Finally, an examination of the genitalia 
may demonstrate chordee, Peyronie disease, or signs of hypogo-
nadism such as Kallmann's or Klinefelter's syndromes.

Laboratory Assessments
Laboratory testing for men with sexual dysfunction may include 
fasting glucose, lipid levels, sex hormone values (including morn-
ing free and total testosterone levels), and other endocrine tests, 
such as thyroid function tests and prolactin levels. Again, this test-
ing may reveal comorbid conditions such as diabetes, hyperlipid-
emia, or hypogonadism that may contribute to ED. Prostate-specific 
antigen (PSA) testing may be considered in men over 40, men with 
a strong family history of prostate cancer, or men in whom testos-
terone replacement is being considered, although this is a point of 
debate in some circles.42 The optimal laboratory test panel for the 
evaluation of ED has yet to be determined.

Education and Referral
At this point in the medical interview, it is important to review 
with the patient the likely etiologies, pertinent anatomy and 
physiology, and potential treatment options. This refocusing lies 
at the  center of the patient-centered approach and shared deci-
sion making. Additionally, the opportunity for patient education 
provides a chance to address modifiable risk factors, such as 
diet, exercise, smoking, alcohol abuse, and medication use, that 
may contribute to ED.

With the advent of oral PDE inhibitors, the majority of ini-
tial ED consultations now occur in the primary care physician's 
office. However, based upon the findings of the history, physical 
examination, laboratory testing, or on initial oral drug treatment 
failure, it may be beneficial to refer the patient to a specialist 
( endocrinologist, cardiologist, urologist). Particularly germane to 
the urologist will be further evaluation of the penile vascular sys-
tem via injection of vasodilators such as papaverine, phentolamine, 
or alprostadil.

Although rarely performed in 2010 and usually only after an 
empirical trial of oral PDE5 inhibitors, first-line urological evalu-
ation of penile blood flow consists of a combined intracavern-
ous injection of a single or combination of vasodilators and 
some form of penile stimulation. This testing allows the urologist 
to evaluate the specific mechanics of the erectile response and 
avoid the confounding influence of neurological or hormonal 
factors. Second-line urological evaluation includes intracavern-
ous injection of a vasodilator and blood flow measurement with 
duplex ultrasonography, possibly Doppler waveform analysis, and 
peak systolic velocity calculations. Third-line evaluations may 
include calculations of cavernous arterial systolic occlusion pres-
sures (CASOP), pharmacological arteriography, pharmacological 
cavernosometry, or cavernosography.43 These increasingly inva-
sive procedures are often reserved for young men with traumatic 
pelvic or penile arterial injuries who may be candidates for arte-
rial revascularization.

Treatment
As noted previously, the initial step in penile tumescence is 
arousal and subsequent release of NO into vascular and cav-
ernous smooth muscle cells (SMCs). This causes stimulation of 
guanylyl cyclase, with a concomitant rise in cyclic guanosine 
monophosphate (cGMP) and resultant reduction of cytoplasmic 
calcium. This leads to smooth muscle relaxation, increased arte-
rial inflow, venous trapping, and subsequent erection.44 With the 
discovery that PDE inhibitors prevent breakdown of cGMP,45 and 
ensuing FDA approval of sildenafil in 1998, a new era in ED treat-
ment was born.

Oral Agents
Sildenafil was the first specific PDE inhibitor approved for treat-
ment of ED. Vardenafil and tadalafil have since followed suit. 
Multiple PDE subtypes have been identified, but PDE5 is present 
in high concentrations in corpora cavernosal tissues. As such, 
sildenafil, vardenafil, and tadalafil represent specific PDE5 inhib-
itors. These three medications appear to have equivalent efficacy 
and are generally well tolerated. Primary side effects include 
visual disturbances, flushing, and dyspepsia. Vardenafil should 
be avoided in patients who take type 1A antiarrhythmics such 
as quinidine or procainamide, type 3 antiarrhythmics such as 
sotalol or amiodarone, or in patients with congenital prolonged 
QT syndrome. Sildenafil, vardenafil, and tadalafil should all be 
avoided in patients taking nitrates. Each medication requires 
about 15 minutes to 1 hour to be effective. The half-lives of silde-
nafil and vardenafil are shorter, at approximately 5 hours, while 
the half-life of tadalafil is about 18 hours. For those patients 
who do not respond to oral treatment or are not candidates for 
oral PDE5 inhibitors, a number of other options are available, 
although all are more invasive.

Alprostadil (Prostaglandin E1)
Prostaglandin E1 (PGE1) mediates relaxation of corporal caver-
nosal tissue by activating prostaglandin (PG) receptors and sub-
sequently increasing cyclic adenosine monophosphate (cAMP) 
levels in the corporal smooth muscle. Elevated cAMP results 
in reduction of cytosolic calcium and relaxation of smooth 
muscle. Alprostadil is formulated for both intraurethral place-
ment and intracavernosal injection. Intraurethral administration 
involves insertion of a pellet approximately 3 mm in size, 2 to 
3 cm within the distal urethra. Alprostadil is absorbed via the 
urethral mucosa, passes through the corpus spongiosum, and 
then via the emissary veins. The medication passes into the cor-
pora cavernosa to exert its vasodilatory effects. Efficacy of intra-
urethral alprostadil is about 66% in office placement and about 
50% in home placement.46 Penile pain is often a significant side 
effect of alprostadil treatment.

Intracavernous injection of alprostadil works by the same mech-
anism as intraurethral placement. Researchers have noted higher 
efficacy with intracavernosal placement. However, alprostadil is 
still limited by pain during erections in 16.8% of patients, penile 
fibrosis in 2%, hematoma at the injection site in 1.5%, and priapism 
in 1.3% of patients.47 Alprostadil is formulated in a powder and 
must be reconstituted and refrigerated.

Papaverine and Phentolamine
Other injectable agents include papaverine and phentolamine. 
Papaverine exerts its effect on penile erectile tissue by an inhib-
itory action on PDE, resulting in increased cAMP and cGMP 
as well as inhibition of voltage-gated calcium channels. These 
mechanisms each result in cavernosal smooth muscle relax-
ation and subsequent erection. Papaverine's efficacy is approxi-
mately 50%, though it has not been expressly approved by the 
FDA for use in ED therapy. The incidence of priapism may be as 
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high as 33% in patients receiving solitary papaverine treatment, 
and the incidence of penile fibrosis with this form of treatment 
is high.43

Phentolamine is also used for injection therapy but works by a 
different mechanism; it functions as a competitive α-adrenergic 
antagonist. It is postulated to induce erection by releasing sympa-
thetic tone and thereby increasing corporal blood flow. Systemic 
hypotension, reflex tachycardia, and nasal congestion are its prin-
cipal side effects.48

Typically these drugs are used in two- or three-drug combina-
tions that allow dose reductions of each medication, increased 
efficacy approaching 90%, and decreased rates of pain, fibrosis, 
and priapism. For men unwilling or unable to inject themselves to 
induce erections, several other options exist.

Vacuum Erection Devices
In 1917, Otto Lederer was awarded the first patent for a surgical 
device to induce and maintain erection.49 Since then, the vacuum 
erection device (VED) has been modified and perfected, yet the 
principle remains the same. The VED consists of a cylinder and suc-
tion pump that induces erection by negative pressure and subse-
quent increased corporal flow. A compression band is then placed 
at the base of the penis to trap engorged blood (Fig. 28-7). The 
erection is different than a physiological erection in that girth is 
increased, the penis is cooler, and it is less rigid than a natural erec-
tion. However, success rates are good, and patient and partner satis-
faction are high. Cookson et al. noted a 90% chance of achieving a 
good-quality erection with satisfaction rates over 80%.50 For patients 
failing the treatments discussed, surgery is typically reserved as a 
final treatment option.

Surgery
In 1936, a Russian surgeon named Bogoraz was the first person 
to create a functional autologous penile implant. He used rib car-
tilage in an attempt to correct ED. Although innovative, his suc-
cess with this treatment was largely limited by resorption of the 
cartilage.51 In 1973, Scott ushered in the modern era of penile 
implantation with development of the three-piece inflatable penile 
prosthesis.52 Penile prostheses are typically reserved for men with 
organic ED who have failed or rejected treatments such as oral 
medications, vacuum erection devices, intraurethral alprostadil, 
or injection therapy. Three classes of penile implants exist: mal-
leable, semirigid, and inflatable. Malleable and semirigid prosthe-
ses are typically placed via a distal penile approach. The inflatable 
prosthesis comes either as a two-piece or three-piece model that 
is composed of inflatable cylinders, tubing, a pump mechanism, 
and a reservoir (Fig. 28-8). Typically these are placed under general 

anesthetic, via a penoscrotal or infraumbilical incision. Infection 
rates vary from 3% to 8%.53 Patient and partner satisfaction is over 
90%, and freedom from mechanical failure ranges between 80% 
and 95% at 5 years.54

Vascular Surgery
During the 1970s and 1980s, surgery for arteriogenic ED was rou-
tinely performed. However, a more contemporary understand-
ing of the pathophysiology of ED has limited the use of vascular 
surgery for ED. We now understand that ED often represents a 
systemic disruption of vascular smooth muscle. Currently, the 
only patient group in whom penile revascularization surgery 
is likely to be successful is in nonsmoking, non-diabetic young 
men who have no demonstrable venous leak, and have steno-
sis of the internal pudendal artery due to trauma or congeni-
tal causes. As noted previously, these patients should undergo 
dynamic infusion cavernosography and cavernosometry (DICC) 
to rule out veno-occlusive dysfunction before embarking on sur-
gical treatment.

Longitudinal Psychological Outcomes

There is significant interplay between psychological health and 
ED, but the direction of that relationship is not always clear. Few 
studies have evaluated the psychological benefit from ED treat-
ment or baseline psychological characteristics of men with 
ED. In 2006, we evaluated 153 men in an observational ED reg-
istry and collected clinical and psychosocial data at baseline 
and during follow-up. Of those patients who responded to treat-
ment, these men reported significant improvements in sexual 
self-efficacy, while nonresponders reported small decrements. 
Surprisingly, nearly 42% of the patients describing ED were not 
offered treatment by their physicians.55 Given the benefits in psy-
chological health suggested by this study, and the high incidence 
of occult cardiovascular disease noted in previous studies, this 
should be a call to all healthcare providers to actively diagnose 
and treat ED in their patients.

Guidelines

In 2005, the American Urologic Association convened a consen-
sus group of experts within the discipline of erectile dysfunc-
tion.56 The committee created a set of guidelines to help clarify 
the standard of care, recommended treatments, and offered 
expert opinions on treatment of ED. The primary findings of 
these guidelines are presented in Box 28-2 and form the basis of 
current standard practice.FIGURE 28-7 Vacuum erection device.

Reservoir
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FIGURE 28-8 Surgically implanted inflatable penile prosthesis.
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Box 28-2 American Urological Association Management Guidelines for Erectile Dysfunction

Standards of Care
oral phosphodiesterase type 5 (PDE5) inhibitors, unless contraindicated, 

should be offered as first-line therapy for erectile dysfunction (ED).
PDE5 inhibitors are contraindicated in patients taking organic nitrates.
The initial trial dose of alprostadil intraurethral suppositories should be 

administered under healthcare provider supervision, owing to the risk of 
syncope.

The initial trial dose of intracavernous injection therapy should be 
administered under healthcare provider supervision.

Physicians who prescribe intracavernous injection therapy should (1) inform 
patients of the potential occurrence of prolonged erections, (2) have a plan for 
urgent treatment of prolonged erections, and (3) inform the patient of the plan.

The patient considering prosthesis implantation and, when possible, his 
partner should be informed of the following: types of prostheses available; 
possibility and consequences of infection and erosion, mechanical failure, 
and resulting reoperation; differences from the normal flaccid and erect 
penis, including penile shortening; and potential reduction of effectiveness 
of other therapies if the device is subsequently removed.

Prosthetic surgery should not be performed in the presence of systemic, 
cutaneous, or urinary tract infection.

Antibiotics providing gram-negative and gram-positive coverage should be 
administered preoperatively.

Recommendations
Monitoring of patients receiving continuing PDE5 inhibitor therapy should 

include a periodic follow-up of efficacy, side effects, and any significant 
change in health status, including medications.

Prior to proceeding to other therapies, patients reporting failure of PDE5 
inhibitor therapy should be evaluated to determine whether the trial of 
PDE5 inhibition was adequate.

Patients who have failed a trial with PDE5 inhibitor therapy should be 
informed of the benefits and risks of other therapies, including use 
of a different PDE5 inhibitor, alprostadil intraurethral suppositories, 
intracavernous drug injection, vacuum constriction devices, and penile 
prostheses.

only vacuum constriction devices containing a vacuum limiter should 
be used, whether purchased over the counter or procured with a 
prescription.

use of trazodone in the treatment of ED is not recommended.
Testosterone therapy is not indicated for treatment of ED in the patient with a 

normal serum testosterone level.
yohimbine is not recommended for treatment of ED.
Herbal therapies are not recommended for treatment of ED.
Surgeries performed with the intent to limit the venous outflow of the penis 

are not recommended.

Opinion
Arterial reconstructive surgery is a treatment option only in healthy 

individuals with recently acquired ED secondary to a focal arterial 
occlusion, and in the absence of any evidence of generalized vascular 
disease.

Modified from http://www.auanet.org/content/guidelines-and-quality-care/clinical-guidelines.cfm ?sub=ed. Accessed December 2010. 
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CEREBROVASCULAR ISCHEMIA

C H A P T E R  29  Epidemiology of Cerebrovascular 
Disease
Larry B. Goldstein, Judith H. Lichtman

Overview
Stroke is the second leading cause of death worldwide, account-
ing for 4 million deaths in 2004.1 Until recently, stroke ranked as 
the third leading cause of death in the United States.2 Owing to 
a reclassification of respiratory diseases using the 10th version of 
the International Classification of Diseases (ICD-10), preliminary 
data from the Centers for Disease Control and Prevention (CDC) 
released on December 9, 2010, ranks cerebrovascular disease as 
the fourth most common cause of death in the country behind 
diseases of the heart, cancer, and chronic lower respiratory dis-
eases. On average, every 40 seconds someone in the United States 
has a stroke, and every 4 minutes someone dies.2 Stroke is also  
a leading cause of long-term disability in adults. There are a vari-
ety of nontreatable and treatable stroke risk factors (Box 29-1).

Stroke Burden
In the United States, an estimated 795,000 persons have a stroke 
each year, and 7 million individuals 20 years of age or older have 
had a stroke.2 Ischemic strokes account for 87% of all strokes, with 
the remaining 13% due to intracranial hemorrhages. About three 
quarters of these strokes are first cerebrovascular events, and the 
remainder are recurrent.2 The risk of first ischemic stroke varies 
by race-ethnicity, increasing from 88 per 100,000 in whites, to 149 
per 100,000 in Hispanics/Latinos, to 191 per 100,000 in blacks.2 
There were over three quarters of a million hospital discharges 
for stroke in 2007, and approximately 3.7 million ambulatory care 
visits attributable to stroke in 2008.3 Up to 70% of cerebrovascular 
events evaluated in hospitals are ischemic strokes, with 30% due 
to transient ischemic attacks (TIAs) and hemorrhagic strokes.4 
Two thirds of patients hospitalized for stroke are older than age 
65; half are older than 70. Importantly, stroke is the second lead-
ing cause of death in persons aged 85 and over, who by 2050 will 
number approximately 20.9 million.5 As measured by disability-
adjusted life-years, the burden of stroke relative to other diseases 
is anticipated to continue to increase worldwide from sixth in 
1990 to fourth in 2020.6

A TIA precedes approximately 15% to 23% of ischemic strokes 
and carries a 90-day stroke risk of 9% to 17%7 and a 25% risk of 
death over the ensuing year.8 About half of all patients who have 
a TIA fail to report their symptoms to a healthcare provider.9 With 
an estimated 240,000 TIAs diagnosed annually in the United States, 
TIA represents an important target for secondary stroke prevention.

Mortality from stroke accounted for 1 of every 18 deaths in 
2007, for a total of 135,952 deaths.2 Mortality in the 5 years after 
stroke ranges from 27% to 61% across sex-age subgroups.2 Current 
data on long-term survivorship following ischemic stroke reflects 
wide ranges of estimated mortality; 13% to 45% at 1 year, 36% to 
69% at 5 years, and 31% to 87% at 10 years.10–29 These estimates were 

primarily obtained from international studies or single regions 
within the United States and included a relatively small number 
of cases. Women and minority populations may have higher long-
term mortality following stroke, although the evidence is limited, 
and more research is needed to investigate differences by patient 
characteristics.13,23,25

In addition to the relatively high mortality from stroke, its after-
math can be devastating. Twenty percent of stroke survivors require 
institutional care after 3 months, and 15% to 30% are permanently 
disabled.30 Given the large number of stroke survivors in this coun-
try, effective rehabilitation and secondary prevention are impor-
tant targets for public health intervention.

Cost
Stroke is among the 10 highest contributors to Medicare costs.31 In 
2007, the annual cost of stroke in the United States was estimated 
at $40.9 billion, with $25.2 billion in direct costs.2 Total stroke-
related costs were estimated at $68.9 billion in 2009.4 These costs 
are projected to exceed $2.2 trillion through 2050.32 The mean 
lifetime cost of ischemic stroke is now estimated at $140,048 in 
1999 dollars.33

Regional Patterns of Stroke
Over the last 50 years, stroke mortality has varied regionally in the 
United States, with the highest mortality rates in the Southeast, a 
region of the country termed the “Stroke Belt.”34–38 The Stroke Belt 
is usually defined as including the eight southern states of North 
Carolina, South Carolina, Georgia, Tennessee, Mississippi, Alabama, 
Louisiana, and Arkansas. These geographic differences have been 
documented since at least 1940,34 and despite some minor shifts35 
still persist.36–38 The reason for the existence of the Stroke Belt 
remains uncertain. Within it, a “buckle” region along the coastal 
plain of North Carolina, South Carolina, and Georgia has been 
identified with even higher stroke mortality rates than other por-
tions.39 Overall average stroke mortality is about 20% higher in the 
Stroke Belt than in the rest of the nation and about 40% higher 
in the stroke buckle. Individuals living in the southeastern United 
States have a 50% greater risk of dying from a stroke than residents 
of other regions.39

Higher stroke mortality rates are now also noted in the Pacific 
Northwest.40,41 Overall mortality reflects a combination of inci-
dence and case-fatality rates. Stroke incidence is higher in the 
Southeast,37,42,43 whereas case-fatality rates vary little across the 
country.37 The CDC published an atlas showing geographic pat-
terns in age-adjusted stroke hospitalization rates by county that are 
consistent with stroke mortality patterns (Figure 29-1).44 There are 
also regional differences in recurrent stroke events within the year 
after stroke hospitalization, even after adjusting for common risk 
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factors.45,46 Causes for these shifts remain unclear, and contempo-
rary national data are needed to monitor incident and prevalent 
stroke patterns over time, particularly by age, race-ethnicity, and  
sex subgroups.

Stroke Risk Factors
Demographic Factors
AGE

Stroke is rare in young children, occurring at a rate of 4.6 to 6.4 per 
100,000 children in the United States.2 The incidence of stroke in 
adults is strongly age dependent,25 and the rate of adverse outcomes 
and complications associated with stroke increases with advanced 
age.47 The mean age of stroke patients in this country is 70 years. 
The U.S. population is aging, and by the year 2050, the total number 
of people aged 65 and older will nearly triple, increasing from 34 
million in 2000 to 90 million.5,48,49 This means that by 2050, 20% of 
the population will be 65 years of age or older and at increased risk 
for stroke. A report released by the CDC in collaboration with the 
Center for Medicare & Medicaid Services (CMS), the Atlas of Stroke 
Hospitalizations Among Medicare Beneficiaries, found that 30-day 
stroke mortality rates varied by age: 9% in patients aged 65 to 74, 
13.1% in those aged 74 to 84, and 23% in those aged 85 or older.44 
Because stroke is so strongly age dependent,  understanding the 
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FIGURE 29-1 Geographic patterns of stroke hospitalization in the United States. (From Casper M, Nwaise I, Croft J, Nilasena D: Atlas of stroke hospitalizations 
among Medicare beneficiaries, Atlanta, 2008, U.S. Department of Health and Human Services, Centers for Disease Control and Prevention.)

Demographic Factors
Age
Sex
Race-ethnicity

Lifestyle Factors
Diet/nutrition
Physical inactivity
Overweight/obesity
Alcohol consumption

Environmental Factors
Air pollution
Cigarette smoking

Medically Treatable Risk Factors
Hypertension
Lipids
Diabetes
Atrial fibrillation
Sickle cell disease
Sleep-disordered breathing

Other Risk Factors
Fibrinogen, clotting factors, and inflammation
Blood homocysteine levels
Migraine

Box 29-1 Stroke Risk Factors (Partial List)
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epidemiology of stroke in the elderly is critical for both clinicians 
and policy makers.

SEX

Women are older at stroke onset compared with men (75 years vs. 
71 years).2 Overall, women have a lower age-adjusted stroke inci-
dence than men, but sex-related differences in stroke risk are modi-
fied by age. Data from the Framingham Heart Study demonstrate 
that compared with white men, white women 45 to 84 years of age 
have lower stroke risk than men, but this association is reversed in 
women older than 85, whose risk is higher than men.2 The absolute 
number of strokes in the population is, however, greater for women 
because of the increasing risk of stroke with advancing age, com-
bined with women's longer life expectancy.

A focus on age-adjusted and age-specific stroke mortality rates 
conceal the greater total number of stroke deaths in women. The 
excess deaths in women result from the higher mortality in women 
and their disproportionate representation in the population. About 
55% of all strokes occur in women, who have approximately 60% of 
stroke-related deaths. Not only do more strokes occur in women, the 
bulk occur in women over the age of 70, who are more likely to be 
socially isolated, live alone, have fiscal constraints, and higher rates 
of comorbid disease. The greater burden of stroke deaths in women 
is predicted to be even greater in the future, based on population 
projections; an excess of 32,000 stroke deaths in women in 2000 is 
anticipated to increase to nearly 68,000 excess deaths by 2050.50

The rate of stroke increases during pregnancy, with the majority 
occurring during the postpartum period. Pregnancy-related intra-
cerebral hemorrhage (ICH) has the highest mortality and morbid-
ity of all stroke types. Risk factors for stroke in pregnancy include 
advanced maternal age, African American race-ethnicity, migraines, 
preeclampsia, and gestational hypertension.51 Meta-analyses sum-
marizing over 30 years of studies show that oral contraceptive users 
have about a twofold increased risk of stroke compared with non-
users; hypertension, cigarette smoking, and migraine headaches 
further increase stroke risk in women taking oral contraceptives.51 
Women younger than 50 are generally considered to be at lower 
risk for stroke than men, although recent studies show that women 
aged 35 to 64 were almost three times more likely than men to 
report prior stroke, largely because of higher rates in 45- to 54-year-
olds.52 Prevalence of stroke increases as women reach the meno-
pausal transition. Studies suggest that women are protected by 
endogenous estrogens, but clinical trials have not found a lower 
risk of either stroke or cardiac events in postmenopausal women 
treated with exogenous estrogen and progesterone.50

RACE-ETHNICITY

There are prominent stroke race-ethnic disparities. Blacks and 
Hispanic/Latinos have two to four times the rate of stroke, stroke 
recurrence, and stroke-related deaths as whites.53–56 Although dif-
ferences may be more prominent in younger age groups,57 race-
ethnic differences remain among older age groups.56,58 Stroke 
incidence has been decreasing in U.S. whites, but not in U.S. blacks 
over the past decade, suggesting a worsening of racial disparity in 
stroke incidence.59

Lifestyle Factors
DIET/NUTRITION

Numerous studies implicate dietary factors in the risk for stroke. 
Aspects of diet that have received attention include individual 
dietary factors such as omega-3 fatty acids, vitamins C and E, potas-
sium, calcium, fatty acids, homocysteine, and sodium, as well as 
food groups and dietary patterns such as consumption of fruits and 
vegetables, the Dietary Approaches to Stop Hypertension (DASH) 
diet, and the Mediterranean diet.60 Intake of antioxidant vitamin 
supplements such as vitamin C and E do not lower stroke risk. 
Although some evidence suggests higher total fat intake increases 

stroke risk,61 higher fish consumption, a marker for omega-3 fatty 
acid intake, was associated with reduced stroke risk in the Nurses’ 
Health Study and the Health Professionals’ Follow-up Study.62,63 
Higher fruit and vegetable consumption has been associated with 
lower stroke risk in many studies64–68 and was found to reduce the 
risk of stroke in a clinical trial.69 A meta-analysis of cohort studies 
reported a 26% reduction in stroke risk associated with consump-
tion of five or more servings a day of fruits and vegetables com-
pared with consumption of less than three servings a day.70

Reduced sodium and increased potassium intake have also 
been associated with decreased stroke risk.71–74 The proposed 
effects of sodium and potassium on stroke risk are likely in part 
due to their role in lowering blood pressure. The DASH diet, char-
acterized by high intake of fruits and vegetables, consumption of 
low-fat dairy products, and low intake of saturated and total fat, 
effectively lowers blood pressure in clinical trials75 and was asso-
ciated with an 18% lower risk of stroke in the Nurses’ Health Study 
(highest quintile vs. lowest quintile).76 The Mediterranean style 
diet has also received considerable attention with regard to its 
favorable impact on cardiovascular health. Women in the Nurses’ 
Health Study at the highest vs. lowest quintiles of the Alternate 
Mediterranean Diet Score had a lower risk of stroke (relative 
risk [RR] = 0.87; 95% CI, 0.73-1.02) after 20 years of follow-up.77 
Analyses in the same group of women evaluating consumption of 
a so-called prudent diet (high in vegetable, fruit, legume, fish, and 
whole grain intake) and a so-called Western diet (one high in red 
and processed meats, refined grains, sweets, and desserts) found 
a 58% increased risk of stroke in the highest vs. lowest quintile of 
a Western diet and a 22% lower risk of stroke in the highest vs. low-
est quintile of a prudent diet.78

Current dietary guidelines for stroke prevention recommend 
reduced sodium intake and increased intake of potassium and 
fruits and vegetables. Unfortunately, according to national surveys 
conducted in 2005-2006, average adult consumption ranges from 
1.1 to 1.8 servings a day of fruit and 1.2 to 2.1 servings a day of vege-
tables across race-ethnic groups,4 whereas sodium intake exceeds 
recommendations for 90% of the adult U.S. population.79 Low fruit 
and vegetable intake is estimated to account for 9% and 11% of 
stroke deaths in high-income and mid- to low-income countries, 
respectively.80

PHYSICAL INACTIVITY

Lack of regular physical activity is a well-established predictor of 
early mortality and cardiovascular disease, and regular exercise 
is associated with a lower risk of stroke in prospective and case-
control studies.81–88 The effects of physical activity are thought to 
be mediated through reductions in blood pressure, control of other 
cardiovascular risk factors, improvements in glucose tolerance and 
body weight, reductions in plasma fibrinogen and platelet activity, 
and elevations in high-density lipoprotein (HDL) cholesterol con-
centration.88–94 Current guidelines recommend a minimum of 30 
minutes per day of moderate-intensity physical activity most days of 
the week.95,96 In the 2008 National Health and Nutrition Examination 
Survey (NHANES), only 32.5% of adults aged 18 and older reported 
they engaged in regular leisure time physical activity.4 Physical 
inactivity accounts for 8% and 6% of stroke deaths worldwide in 
high-income and middle- to low-income countries, respectively.80 
Participants in the Physicians’ Health Study engaging in vigorous 
exercise five or more times per week had a 14% lower risk of stroke 
compared with those engaging in vigorous activity less than 1 
time per week.94 The Framingham Heart Study and the Honolulu 
Heart Program have found similar effects in men.81,82 Studies in 
women, including the Nurses’ Health Study and the Copenhagen 
City Heart Study, also report reductions in stroke incidence with 
increased physical activity.87,88 Among women aged 45 and older in 
the Women's Health Study, higher levels of physical activity (mea-
sured in kcal/wk) were associated with a 20% to 40% reduction in 
stroke risk.97 Finally, in the Northern Manhattan Stroke Study, there 
was an overal 63% reduction in stroke risk associated with  physical 
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activity; this protective effect was found in all subgroups of age, sex, 
and race-ethnicity (white, black, Hispanic). There is some uncer-
tainty as to the dose and intensity of physical activity required for 
adequate reduction in stroke risk, and comparison studies are lim-
ited. An analysis of the Northern Manhattan Study suggested that 
heavy physical activity was more beneficial than low to moderate 
activity.86 Other evidence supports the beneficial effect of light exer-
cise. The intensity of physical activity was not related to stroke risk 
among participants in the Women's Health Study, although walking 
time and pace were inversely related to stroke risk.97

OVERWEIGHT/OBESITY

Obesity likely increases stroke risk through multiple mechanisms 
including increased blood pressure, impaired glucose tolerance, 
and more frequent atherogenic serum lipid levels. Traditionally, 
weight categorization has been defined according to the body 
mass index (BMI; weight [kg] divided by the square of height [m]), 
with 25 and 30 kg/m2 used as cut-points defining overweight and 
obesity, respectively. In the Framingham cohort, BMI was related to 
first cerebrovascular events after adjustment for traditional stroke 
risk factors.98 Relative risks for stroke in an analysis of women aged 
30 to 55 in the Nurses’ Health Study ranged from 1.75 for a BMI of 
27 to 28.9 kg/m2 to 2.37 for a BMI above 32 kg/m2, and were inde-
pendent of other risk factors including age, smoking, hormone use, 
and menopausal status.99

Obesity was also identified as an independent stroke risk factor 
in the Honolulu Heart Study.100 Abdominal obesity has emerged as 
an even stronger risk factor for stroke than BMI. In a study of 28,643 
male health professionals, the relative risk of stroke was 2.3 times 
higher in the upper compared with the lower quintiles of waist-to-
hip ratio.101 Obesity is a major public health problem in the United 
States and worldwide. According to a national survey, 67% of U.S. 
adults are overweight, and 30% are obese.102 As a population attrib-
utable risk factor, obesity accounts for an estimated 20% of stroke 
deaths in high-income countries and 15% in middle- to low-income 
countries, a risk that is likely to increase in the United States owing 
to the epidemic of obesity in the young.

Environmental Factors
Air pollution reflects a heterogenous amalgamation of gases, liq-
uids, and particulate matter that has gained attention as a risk fac-
tor for stroke. A 2004 American Heart Association (AHA) Scientific 
Statement on the relationship between particulate matter (PM) air 
pollution and cardiovascular disease concluded that both short- 
and long-term exposure to ambient PM increases the risk of acute 
cardiovascular events.103 With the proliferation of studies on this 
topic following this Scientific Statement, an update was published 
in 2010.104 Indeed, most epidemiological studies have corroborated 
the initial conclusions, generally reporting an elevated risk of car-
diovascular events associated with exposure to fine PM less than 
2.5 μm in aerodynamic diameter (PM2.5) for susceptible individu-
als (e.g., the elderly, those with existing cardiovascular conditions). 
Recent research also suggests a role for ultrafine particulates less 
than 0.1 μm, co-pollutants such as ozone and nitrogen oxides, and 
specific sources of pollution such as motor vehicle traffic.

Among the subcategories of cardiovascular disease, the strength 
of evidence for an association between air pollution and cerebro-
vascular disease is less than that for heart disease, but the litera-
ture is still growing.104 Among more than 60,000 postmenopausal 
women initially free of cardiovascular disease in the Women's 
Health Initiative, each 10 μm/m3 increase in annual PM2.5 expo-
sure was associated with a 28% increased risk of stroke, a 35% 
increased risk of stroke or fatal cerebrovascular disease, and an 
83% increased risk of fatal cerebrovascular disease.105 There was 
no association between fatal cerebrovascular and long-term PM2.5 
exposure in a cohort of over 300,000 adults derived from the 
American Cancer Society's Cancer Prevention Study-II.106 Several 
studies have reported small but statistically significant associations 

for short-term pollutant exposure. Daily time-series studies from 
Korea (Seoul),107,108 China (Shanghai),109 and Finland (Helsinki)110 
reported associations between elevated levels of air pollution and 
stroke mortality; however, the associations were found for ischemic 
but not hemorrhagic stroke mortality in one study,109 and in the 
warm but not cold seasons in another.110 A U.S. study of Medicare 
hospitalizations for stroke or cerebrovascular disease in nine cities 
found that several measures of air pollution within the 0 to 2 days 
before hospitalization were associated with ischemic but not hem-
orrhagic stroke. Additional studies using surveillance data from 
Dijon, France,111 and Corpus Christi, Texas,112 have also linked cer-
tain types of air pollutants with the risk of ischemic stroke and TIA.

In addition to acute cardiovascular events, air pollutants poten-
tially contribute to numerous subclinical physiological changes 
including systemic inflammation and oxidative stress, coagulation/
thrombosis, systemic and pulmonary arterial blood pressure, vas-
cular function, atherosclerosis, heart rate variability, cardiac isch-
emia and repolarization abnormalities, epigenetic changes, and 
traditional cardiovascular risk factors.104 Such associations provide 
further support for a relationship between cardiovascular disease 
and air pollution and provide insight into plausible mechanistic 
pathways. As a potentially avoidable risk factor, it may be prudent 
for those at high risk of cardiovascular disease and stroke to limit 
outdoor air exposure on high pollution days.

CIGARETTE SMOKING

Cigarette smoking is consistently identified as a major independent 
risk factor for ischemic stroke in epidemiological studies includ-
ing the Framingham Heart Study,113 Cardiovascular Health Study,114 
Honolulu Heart Study,115 and INTERSTROKE,116 among many others. 
In general, cigarette smoking leads to an approximate twofold 
increase in stroke risk.117 Smoking is also associated with a two- to 
fourfold increase in risk of subarachnoid hemorrhage (SAH).118–121  
Data are inconclusive regarding a relationship between  smoking 
and the risk of parenchymal ICH. Analyses of data from the 
Hemorrhagic Stroke Project,122 Physicians’ Health Study,120 and the 
Women's Health Study119 find an association between  smoking 
and increased ICH risk, whereas analyses from other studies, 
including a pooled analysis of data from the Atherosclerosis Risk 
in Communities (ARIC) Study and the Cardiovascular Health 
Study, find no relationship.123 One meta-analysis even reported a 
paradoxical protective effect of smoking for ICH risk,124 although a 
more contemporary review found an approximate 30% increase in 
ICH risk associated with smoking.125 Using data from the National 
Health Interview Survey and death certificates for 2000 to 2004, the 
CDC estimates that nearly 16,000 cerebrovascular deaths annually 
can be attributed to smoking, equating to approximately 13% of 
cerebrovascular deaths for men and 8% for women.126

Environmental tobacco smoke (also known as passive or sec-
ondhand smoke) is also thought to increase the risk of stroke for 
lifelong nonsmokers. A meta-analysis of 24 sex-specific estimates 
from 15 studies found an overall 25% (95% CI, 16%-36%) increased 
risk of stroke with current spousal exposure (or its nearest equiva-
lent).127 There was no heterogeneity by sex, publication year, or out-
come, but risk estimates tended to be lower for prospective studies 
and those studies with U.S. or European cohorts. There was not 
an increased risk for SAH, and overall risk estimates were similar 
when using ever spousal exposure or total exposure rather than 
current spousal exposure. A 56% (95% CI, 34%-82%) increased risk 
of stroke was found for the highest level of spousal exposure.

Although data strongly support a relationship between smoking 
and stroke, the linearity of a dose effect remains uncertain. A num-
ber of studies suggest a nonlinear effect, with the stroke risk attribut-
able to smoking increasing sharply at lower cigarette consumption 
levels and then leveling off as the number of cigarettes per day 
increases.128 Similarities between stroke risk estimates and changes 
in biomarkers of cardiovascular risk for active and passive smokers 
further support a nonlinear effect of cigarette smoking, suggesting 
a low overall threshold of tobacco smoke exposure.117,129,130
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Clinical and experimental studies indicate both acute and 
chronic effects of cigarette smoking that likely contribute to 
increased stroke risk.128 Cigarette smoking causes endothelial 
injury and dysfunction in both the coronary and peripheral 
arteries. It increases the risk of thrombus generation in athero-
sclerotic arteries and creates a chronic state of inflammation 
associated with development of atherosclerosis. Smoking also 
leads to an atherogenic lipid profile (increased triglycerides and 
decreased HDL cholesterol), and it is thought to produce insu-
lin resistance that, along with chronic inflammation, can accel-
erate macrovascular and microvascular complications such as 
nephropathy. Smoking even just one cigarette increases heart 
rate, mean blood pressure, and cardiac index and decreases arte-
rial distensibility.131,132 A number of studies also demonstrate a 
synergistic action of smoking with other cardiovascular risk fac-
tors in increasing stroke risk. Such factors include systolic blood 
pressure,133 vital exhaustion,134 and oral contraceptives135,136 
among others.

Smoking cessation is generally accepted as an essential compo-
nent of primary and secondary stroke prevention.117 Rapid reduc-
tion in stroke risk with smoking cessation is often observed, with 
considerable reductions apparent within 5 years.124,137–141 Although 
stroke risk is greatly lower for former compared to current smok-
ers, it remains unclear whether risk ever reverts to that of never 
smokers. The Framingham Study139 and the Nurses’ Health Study137 
show a near-complete loss of excess risk, whereas the Honolulu 
Heart Program,140 British Regional Heart Study,138 and others124,141 
report a slight excess risk for former compared to never smok-
ers. Several studies suggest that this excess risk may be retained 
for up to 2 decades after quitting.138,141 Heavy smokers may have 
more sustained excess risk compared with light smokers, whose 
risk falls more rapidly to the level of nonsmokers.138,141 It is possible 
that past level of smoking rather than years since cessation or dura-
tion of smoking might be the determining factor in achieving risk 
equivalence.

Alcohol Consumption
The effects of alcohol intake on stroke risk appear to be depen-
dent on both level of consumption and stroke type. In the 
Honolulu Heart Study, there was a very strong dose-response 
relationship between alcohol intake and intracranial and sub-
arachnoid hemorrhage.142 Alcohol intake also appears to con-
fer risk for ischemic stroke, although effects at low to moderate 
levels are less clear, with most evidence suggesting a beneficial 
effect. A study following male health professionals reported 
increased risk of stroke with an intake of more than two drinks 
per day, but no clear association with lower levels of consump-
tion.143 Other studies support a J-shaped relationship between 
alcohol intake and the risk of ischemic stroke, such that low to 
moderate levels of intake are associated with reduced stroke 
risk, and heavy consumption is associated with increasingly 
higher risk.144–150 A meta-analysis of the effects of alcohol (1 
drink defined as 12 g of alcohol) and stroke risk reported a 20% 
to 28% reduced risk of stroke among those consuming fewer 
than 1 or 1 to 2 drinks a day relative to abstainers.151 In con-
trast, heavy drinking (>5 drinks/day) was associated with a 69% 
increased risk. The population attributable risk associated with 
alcohol use for stroke mortality in high-income and middle- 
and low-income countries is estimated at 11% and 5%, respec-
tively.80 Heavy alcohol use may impact risk through increases in 
blood pressure, higher rates of atrial fibrillation and coagulation 
disorders, and reductions in cerebral blood flow. At moderate 
levels of intake, however, alcohol may have beneficial effects 
through reductions in platelet aggregation and plasma fibrino-
gen concentration, and improvements in HDL cholesterol levels  
and endothelial function. Current guidelines recommend mod-
erate drinking of two or less drinks per day for men and one 
drink or less per day for nonpregnant women who consume 
alcohol.152

Medically Treatable Risk Factors
Hypertension
Hypertension, or high blood pressure—defined as systolic blood 
pressure 140 mmHg or greater, diastolic blood pressure 90 mmHg 
or greater, or requiring antihypertensive medication—occurs in 
one in three adults in the United States. Hypertension currently 
affects more than 76 million people in the country. Prevalence is 
particularly high in individuals older than 65, in whom it exceeds 
67%.153,154 Lifetime risk of hypertension in individuals aged 55 years 
is 90%. African Americans have one of the highest rates of hyperten-
sion in the world; prevalence in this group is 32.3%, compared with 
23.0% for whites and 21.5% for Hispanics/Latinos. Despite the rela-
tive ease of diagnosis and effectiveness of treatment, approximately 
20.4% of adults with hypertension are unaware of their condition, 
29.1% are not being treated, and 52.2% do not have adequately 
controlled blood pressure. Control is lower in Mexican Americans 
(35.2%) compared with non-Hispanic whites (46.1%) and non- 
Hispanic blacks (46.5%).2

High blood pressure is one of the most important modifiable risk 
factors for both ischemic and hemorrhagic stroke. Individuals with 
blood pressures below 120/80 mmHg have approximately half the 
lifetime risk of stroke of those with hypertension.4 There is a 38% 
increased relative risk of stroke for every 10 to 20 mmHg increase in 
systolic blood pressure, and a 34% increased relative risk for every 
5 mmHg increase in diastolic blood pressure.155 This increased risk 
is a graded response with no apparent threshold, even within the 
normal range. Lowering blood pressure reduces the incidence of 
stroke.155

Lifestyle changes can effectively lower blood pressure levels. 
Adherence to the DASH diet (low in sodium, high in potassium 
and low-fat dairy) lowers blood pressure.69,75 Weight loss is strongly 
related with improved blood pressure; a meta-analysis found that 
a 5.1 kg loss of body weight was associated with an average low-
ering of systolic blood pressure by 4.4 mmHg and diastolic by 
3.6 mmHg.156 Treatment with β-blockers lowers the risk for stroke 
by 29% (RR = 0.71; 95% CI, 0.59-0.86), and diuretics are estimated 
to reduce the risk by 51% (RR = 0.49; 95% CI, 0.39-0.62).157 Overall 
reduction in incident stroke with antihypertensive therapy is esti-
mated at 35% to 44%.158 Recent data suggest that reductions in 
stroke risk may be related to type of antihypertensive used, based 
on the agent's relative effects on blood pressure variability.159

Lipids
A clear linear relationship exists between serum cholesterol lev-
els and coronary heart disease; the relationship between serum 
cholesterol and stroke is less certain. The totality of evidence from 
large epidemiological studies suggests, at best, a minimal associa-
tion between increased total cholesterol levels and stroke risk.117,160 
A meta-analysis of 45 prospective cohorts involving 450,000 people 
and 13,000 incident strokes found no relationship between total 
cholesterol and stroke.161 The cohorts upon which the analyses 
were based included many middle-aged participants, and stroke 
subtypes were not specified. Subsequent studies found a small 
association between higher total or low-density lipoprotein (LDL) 
cholesterol levels and increasing ischemic stroke risk; paradoxi-
cally, lower total or LDL cholesterol has generally been associated 
with an increased risk of hemorrhagic stroke.117,160 These differing 
risks may in part explain the lack of a relationship between choles-
terol levels and overall stroke rates.

An individual-data meta-analysis of nearly 900,000 patients 
from 61 studies worldwide found only a weak positive association 
between total cholesterol and total stroke mortality at ages 40 to 
59, with no association at older ages.162 A weak positive associa-
tion was also found between total cholesterol and ischemic stroke, 
with a negative association with hemorrhagic stroke. For both total 
and ischemic stroke mortality, associations were larger at baseline 
 systolic blood pressure below 145 mmHg.
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High-density lipoprotein cholesterol protects against atheroscle-
rosis through reverse cholesterol transport, improvement of endothe-
lial function, and antioxidant, antiinflammatory, and antithrombotic 
effects.163,164 Numerous large cohort studies have evaluated the rela-
tionship between serum HDL cholesterol and stroke risk.164 Despite 
using different HDL cholesterol cut-points and including cohorts 
of different ages and geography, most of these studies find either 
a strong and statistically significant inverse relationship165–169 or a 
trend towards such a relationship.170,171 The risk of atherosclerotic 
stroke, in particular, may be most strongly related to low HDL cho-
lesterol levels.172–174 A recent large meta-analysis, however, found no 
evidence for a significant association between HDL cholesterol and 
stroke mortality, and only a weak positive association between the 
ratio of total to HDL cholesterol and stroke mortality for those aged 
40 to 69.162 There have been no studies showing that pharmacologi-
cally raising HDL cholesterol levels decreases stroke risk.

Findings about the relationship between triglycerides and isch-
emic stroke are conflicting. Fasting levels were not associated with 
ischemic stroke in the ARIC and other studies,171 but a meta-analysis 
of prospective studies in the Asia-Pacific region showed a 50% 
increase in ischemic stroke risk for those with the highest vs. low-
est fasting levels.175 In the Copenhagen City Heart Study176 and the 
Women's Health Study,177 higher nonfasting triglycerides were asso-
ciated with increased risk of ischemic stroke. The Women's Health 
Study also evaluated fasting triglycerides and found no association 
with ischemic stroke.177

Although no large consistent association between cholesterol 
and total stroke has been observed in epidemiological cohorts, 
data from randomized trials show that statin therapy reduces risk of 
stroke among patients with established coronary heart disease and 
in those at increased vascular risk.178,179 One meta-analysis of data 
from 14 trials including more than 90,000 patients found an approx-
imate 17% to 21% reduction in the relative risk of incident stroke 
per mmol/L decrease in LDL cholesterol.178 A significant trend with 
greater proportional reductions in stroke was associated with 
greater mean absolute LDL cholesterol reductions. Another meta-
analysis including nearly 166,000 participants in trials of statins in 
combination with other preventive efforts also found an approx-
imate 21% decrease in stroke for each mmol/L decrease in LDL 
cholesterol.179 Incidence of all strokes was reduced by 18%, and a 
reduction in the risk of recurrent stroke and major cardiovascular 
events among persons with noncardioembolic stroke was found, 
with a trend toward a lower incidence of fatal stroke.

Use of statin therapy to reduce cholesterol did not lead to 
increased risk of hemorrhagic stroke in primary stroke prevention 
populations. Among those with prior stroke or TIA, statins may be 
associated with an increased risk of hemorrhagic stroke that par-
tially attenuates their overall benefit. Other lipid-modification thera-
pies including niacin, fibric acid derivatives, bile acid sequestrants, 
and ezetimibe also have favorable effects on lipid parameters, but 
evidence in support of such strategies for stroke prevention is not 
well established.117

Diabetes
Diabetes is a complex metabolic condition with recognized 
microvascular and macrovascular complications. In 2007, the CDC 
estimated that 23.5 million Americans had diabetes, 6 million of 
whom were undiagnosed.180 Prevalence of diabetes among those 
aged 20 years or older was estimated at 11%, and for those aged 
60 years or older, 23%. Diabetes is overrepresented among patients 
who present with ischemic stroke, with prevalence estimates of 
15% to 33%.181 Diabetic patients are more susceptible to develop-
ment of atherosclerosis and often have other cardiovascular risk 
factors such as hypertension, dyslipidemia, atrial fibrillation, heart 
failure, and prior myocardial infarction (MI). Epidemiological stud-
ies show the relationship between diabetes and stroke is indepen-
dent of other such risk factors.

An individual-data meta-analysis based on 97 studies involving 
nearly 600,000 people worldwide without prior vascular disease 

found a more than twofold excess risk of incident fatal or first-ever 
nonfatal ischemic stroke among persons with diabetes, even after 
adjusting for other vascular risk factors.182 The excess risk with 
diabetes was similar for unclassified stroke (84% increased risk) 
but slightly lower for hemorrhagic stroke (56% increased risk). 
Although diabetes was consistently associated with increased 
ischemic stroke risk across clinically relevant strata, risks tended to 
be higher for women, younger adults (age 40-59 years), and those 
within the highest tertile of BMI. Individual studies report variations 
in stroke risk by race-ethnicity among younger age groups.117

Much more moderate and nonlinear associations with stroke 
risk were observed for fasting blood glucose concentration in an 
individual data meta-analysis including 54 studies involving nearly 
300,000 people. Moreover, among persons with no history of diabe-
tes, neither fasting blood glucose concentration nor impaired fast-
ing glucose status improved prediction of vascular disease beyond 
that of conventional risk factors.

Diabetes is a strong predictor of stroke outcomes181; it doubles 
the risk of recurrent stroke, and an estimated 9% of recurrent 
strokes can be attributed to diabetes. Diabetic patients have higher 
stroke mortality rates, greater residual disability, and slower recov-
ery after stroke.182,183

Evidence that tight control of glycemic levels lowers stroke (or 
cardiovascular risk) is lacking.117 Stroke risk, however, can be modi-
fied among diabetic patients.117 A comprehensive cardiovascular 
program that includes hypertension control with an angiotensin- 
converting enzyme inhibitor (ACEI) or angiotensin receptor 
blocker (ARB) reduces stroke risk. Statin treatment, especially 
among diabetic patients with additional risk factors, decreases the 
risk of a first or a recurrent stroke. Monotherapy with a fibrate may 
be helpful in reducing stroke risk, but data are conflicting; addition 
of a fibrate to statin therapy has not been found to lower stroke risk 
among diabetic patients.

Atrial Fibrillation
Atrial fibrillation is a major risk factor for ischemic stroke. 
Prevalence of atrial fibrillation in the United States increases from 
0.5% in those aged 50 to 59 years to 1.8% at 60 to 69 years, 4.8% at 
70 to 79 years, and 8.8% at 80 to 89 years.117 The population attrib-
utable stroke risk for atrial fibrillation increases from 1.5% to 2.8%, 
9.9%, and 23.5%, respectively, over these same age groups. About 
2.3 million Americans have atrial fibrillation. In a U.S. national bi-
racial sample of adult men and women, among individuals with 
confirmed atrial fibrillation, blacks were approximately one third 
as likely to be aware as whites that they had the condition.184

In addition to age, a variety of other patient characteristics can 
affect atrial fibrillation–related stroke risk. A review of seven stud-
ies, including six independent cohorts, found the strongest, most 
consistent risk factors for stroke in persons with atrial fibrillation 
were a history of prior stroke or TIA (RR = 2.5; 95% CI, 1.8-3.5), 
increasing age (RR = 1.5 per decade; 95% CI, 1.3-1.7), history of 
hypertension (RR = 2.0; 95% CI, 1.6-2.5), and diabetes mellitus (RR =  
1.7; 95% CI, 1.4-2.0).185 Stroke rates for single independent risk fac-
tors were 1.5% to 3% per year for age older than 75, 6% to 9% per 
year for prior stroke/TIA, 1.5% to 3% per year for history of hyperten-
sion, and 2.0% to 3.5% per year for diabetes.

Several published schemes are available to stratify an individ-
ual patient's atrial fibrillation–related stroke risk. A comparison 
of 12 of these schemes found that they varied considerably.186 Of 
these, seven were based on extant data and five on expert con-
sensus. Factors most commonly included were previous stroke/
TIA (all schemes), patient age (83%), hypertension (83%), and dia-
betes (83%), with eight additional variables included in one or 
more schemes. When applied to the same cohort, the fractions of 
patients categorized by the different schemes varied considerably 
(proportions of patients categorized) as low risk varied from 9% 
to 49%, and proportions categorized as high risk varied from 11% 
to 77%. These differences are not trivial and have important public 
health and clinical implications.
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The so-called CHADS2 scheme is the most commonly used for 
stroke risk stratification in patients with atrial fibrillation.187 One 
point is given for congestive heart failure (C), hypertension (H), 
age older than 75 years (A), and diabetes mellitus (D); and 2 points 
for a history of prior stroke or TIA. A validation study found that a 
score of 0 points reflected low risk (0.5%-1.7% per year); 1 point, 
moderate risk (1.2%-2.2% per year); and 2 points or more, high risk 
(1.9%-7.6% per year).186 It should be noted, however, that a history 
of prior stroke or TIA in a patient with atrial fibrillation alone is 
associated with a high risk of recurrent cerebrovascular events 
(6%-10% per year).185

Patients with paroxysmal or chronic atrial fibrillation at moder-
ate or high stroke risk are candidates for treatment with an anti-
coagulant for prevention of stroke. Treatment with adjusted-dose 
warfarin leads to a 64% (95% CI, 49%-74%) relative reduction in 
stroke risk vs. placebo, aspirin with 9% (95% CI, 1%-35%) relative 
reduction vs. placebo, and adjusted-dose warfarin a 39% (95% CI, 
19%-53%) relative reduction vs. aspirin.117 Yet many persons with 
atrial fibrillation who should be anticoagulated go untreated.117 
Novel anticoagulants including direct thrombin inhibitors (DTIs) 
and oral factor Xa inhibitors are now becoming available for treat-
ment of this population of patients.117

Sickle Cell Disease
Prevalence of sickle cell disease (SCD), an autosomal recessive 
inherited disorder, is 0.25% in blacks and confers a 200- to 400-
fold increased relative risk of stroke compared to black children 
without the condition.117 Prevalence of stroke by age 20 years is 
approximately 11% in persons homozygous for SCD.188 Transcranial 
Doppler (TCD) ultrasonography is useful in identifying children 
with SCD who are at high and low stroke risk. Children with a timed 
mean TCD velocity in the middle cerebral artery (MCA) greater 
than 200 cm/sec have a stroke rate in excess of 10% a year, whereas 
those with velocities below this level have stroke rates of about 1% 
a year.189 Although a variety of treatments are available, regular red 
blood cell transfusion is the only preventive intervention proven 
in randomized trials to prevent stroke in children with SCD.190 
Transfusion therapy reduced the risk of stroke from 10% a year to 
less than 1%.

Sleep-Disordered Breathing
Sleep-disordered breathing (SDB) is highly prevalent in patients 
with established cardiovascular disease. Obstructive sleep apnea 
(OSA), one form of SDB, affects an estimated 15 million adult 
Americans and is present in a large proportion of patients with 
hypertension and those with other cardiovascular conditions 
including coronary artery disease (CAD), atrial fibrillation, and 
stroke.191–197 Obstructive sleep apnea is characterized by repeti-
tive interruption of ventilation during sleep caused by collapse of 
the pharyngeal airway. A meta-analysis suggests that nearly three 
fourths of stroke and TIA patients have SDB, with the predominate 
form being OSA.195 In this review, SDB was more common among 
men and those with recurrent strokes or strokes of unknown etiol-
ogy; SDB was less common among patients whose strokes were 
of cardioembolic etiology. An observational study of consecutive 
patients who underwent polysomnography, with subsequent veri-
fied events (strokes and deaths), found that even after adjusting for 
age, sex, race-ethnicity, and comorbid conditions, OSA syndrome 
significantly increased the risk of stroke or death from any cause 
(adjusted hazard ratio, 1.97; 95% CI, 1.12-3.48).197

In a trend analysis, increased severity of sleep apnea at base-
line was associated with an increased risk of development of this 
composite end point.197 Recent 10-year follow-up data of patients 
with stroke show an increased risk of death in patients with OSA 
(adjusted hazard ratio, 1.76; 95% CI, 1.05-2.95) that is indepen-
dent of age, sex, and other common cardiovascular risk factors.196 
Application of noninvasive positive airway pressure ventilation 
offers patients with sleep apnea the opportunity to increase their 

rehabilitation potential after stroke, but can be limited by continu-
ous positive airway pressure (CPAP) compliance. Whether patients 
with stroke and OSA benefit from treatment with CPAP remains to 
be determined.

Other Risk Factors
Fibrinogen, Clotting Factors, and Inflammation
Evidence supports a role for inflammation in the initiation, progres-
sion, and complications of atherosclerosis, as well as being a con-
tributor to destabilization of atherosclerotic lesions.198 A diverse set 
of proinflammatory factors have been evaluated as a means to add 
further prognostic information beyond that already provided by 
traditional risk factors. High-sensitivity C-reactive protein (CRP) is 
one of the most widely studied of these biomarkers. C-reactive pro-
tein is an acute-phase reactant released predominately by hepato-
cytes in response to inflammatory cytokine stimulation. It is also 
released in response to systemic inflammation, such as in con-
nective tissue disease and in response to local infections. Despite 
lack of specificity for the origin of the inflammation, a multitude 
of epidemiological studies, including the Physicians’ Health Study, 
the Women's Health Study, and Framingham, have demonstrated a 
significant association between elevated CRP and risk of incident 
and recurrent vascular events, including stroke.117 Risks for those in 
the highest tertiles/quartiles of CRP concentration ranged between 
1.5 and 2 times higher than those in the lowest tertiles/quartiles.

A meta-analysis of individual records from over 50 prospective 
studies involving over 160,000 participants without preexisting vas-
cular disease found log-transformed CRP concentrations linearly 
related, with no apparent risk threshold to risk of ischemic stroke.199 
One standard deviation increase in log-transformed CRP concentra-
tion (threefold increase) was associated with 27% to 44% increased 
risk of ischemic stroke and 55% to 71% increased risk of vascular 
mortality, depending upon risk-adjustment factors. Although some-
what controversial, guidelines have tended to suggest that CRP 
measurement be limited to persons with intermediate cardiovascu-
lar risk (10%-20% 10-year risk based upon Framingham Risk Score) 
as a means to help guide clinical decision making.117,200 The 2011 
American Heart Association/American Stroke Association (AHA/
ASA) Guidelines for the Primary Prevention of Stroke recommends 
consideration of a measurement of CRP in patients without cardio-
vascular disease as a means of identifying patients who may be 
at increased risk of stroke, although the Guidelines also notes that 
the usefulness in routine clinical practice is not well established.117 
Other markers of inflammation such as lipoprotein-associated pro-
tein A2 (LpPLA2) may also be useful.117

In addition to examining the relationship between inflammation 
and stroke via measurement of proinflammatory factors, studies 
have also evaluated the occurrence of vascular disease in those 
with systemic chronic inflammatory conditions, such as rheuma-
toid arthritis and systemic lupus erythematosus, generally find-
ing an excess risk for cardiovascular events as well as stroke.117 
Chronic infection with Helicobacter pylori might promote atheroscle-
rosis, but randomized trials of antibiotics have not shown a benefit 
for prevention of vascular events. Finally, acute infectious diseases  
have been studied under the hypothesis that they could trigger a  
TIA or stroke via possible induction of clotting factors such as 
 fibrinogen or the destabilization of atherosclerotic plaques. Influenza 
has been associated with increased cardiovascular  mortality, and 
antiviral treatment of influenza within a few days of onset decreases 
6-month risk of stroke or TIA. A relationship between influenza vac-
cination and reduced risk for stroke has also been found.

Fibrinogen, a clotting factor thought to accelerate the throm-
botic process, is another potentially useful marker of inflamma-
tion for use in vascular disease prediction and prevention.201 An 
individual-data meta-analysis of 31 prospective studies involving 
over 150,000 participants without preexisting vascular disease 
found an approximate log-linear association of usual fibrinogen 
level and risk of first nonfatal or fatal stroke.201 This association 
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was present within each age group (40-59, 60-69, ≥70), with no risk 
threshold. In analyses adjusted for age, sex, and other established 
vascular risk factors, risk of stroke was nearly doubled with each 
1 g/L increase in usual fibrinogen level. When stroke was catego-
rized into subtypes, the magnitude of association with fibrinogen 
was present for ischemic stroke and stroke attributed to unspeci-
fied causes, but was somewhat lower for hemorrhagic stroke. The 
role of other abnormal clotting factors (e.g., factor V Leiden, pro-
thrombin 20210A mutations, protein C and protein S deficiencies, 
lupus anticoagulants, anticardiolipin antibodies) as risk factors 
for ischemic stroke is unclear.117

Blood Homocysteine Levels
Homocysteine is an intermediary amino acid formed during 
metabolism of the essential amino acid methionine. Normal 
plasma levels of homocysteine are 5 to 15 μmol/L. Elevated homo-
cysteine levels, or hyperhomocysteinemia, may result from genetic 
defects that reduce enzymatic activity in homocysteine metabo-
lism (e.g., homozygosity for the thermolabile variant of methylene 
tetrahydrofolate reductase [MTHFR; TT genotype]), nutritional 
deficiencies in vitamin cofactors (e.g., vitamin B

6, vitamin B12, folic 
acid), chronic medical conditions (e.g., chronic renal failure that 
retards renal clearance of homocysteine), certain medications 
(e.g., fibrates and nicotinic acid, which are used to treat hypercho-
lesterolemia), or lifestyle behaviors (e.g., smoking).117,202–206

Numerous studies support a modest association between 
elevated homocysteine levels and atherosclerotic vascular dis-
eases.207–216 One meta-analysis involving 463 nonfatal or fatal stroke 
or TIA events from 12 prospective studies found that a 25% lower 
usual homocysteine level (≈3 μmol/L) was associated with a 19% 
(95% CI, 5%-31%) lower risk of stroke after adjustment for known 
cardiovascular risk factors and regression dilution bias.207 Another 
meta-analysis that involved 676 stroke events from eight prospective 
studies and adjusted for similar factors found a 59% increased risk 
of stroke for a 5 μmol/L increase in homocysteine.208 On this basis, a 
3 μmol/L decrease in current homocysteine concentrations would 
be expected to reduce the risk of stroke by 24% (95% CI, 15%-33%). 
This meta-analysis did not find a statistically significant relation-
ship of the MTHFR TT polymorphism (compared to wild-type CC) 
with stroke (odds ratio [OR] 1.65; 95% CI, 0.66-4.13), although the 
seven MTHFR studies included yielded relatively few data. More 
recent studies continue to report a relationship between hyperho-
mocysteinemia and stroke, recurrent stroke, and silent brain infarc-
tion.210–216 In a larger and more contemporary meta-analysis of data 
from over 15,000 persons initially free of cardiovascular disease, 
homozygotes for the T allele of the MTHFR polymorphism had a 
greater mean homocysteine level and a 26% (95% CI, 1.14-1.40) 
greater risk of stroke.209 Cohort restrictions by age, race, and geo-
graphic location yielded similar results.

Laboratory findings and genetic association studies support the 
biological plausibility of a causal role for elevated homocysteine 
in stroke pathogenesis, but results of randomized clinical trials 
have not established the efficacy of homocysteine-lowering thera-
pies for reduction of stroke risk.117 Clinical trials confirm that vita-
mins B6, B12, and folic acid lower homocysteine levels, but several 
large trials of supplementation with these vitamins as a means of 
lowering homocysteine levels in patients with established cardio-
vascular disease have generally found no reduction in major vas-
cular events or death. The largest of such trials to date, Vitamins to 
Prevent Stroke (VITATOPS), was a double-blind placebo-controlled 
trial including over 8000 patients with recent TIA or stroke from 20 
countries who were followed for a median duration of 3.4 years.217 
Although VITATOPS found daily administration of B vitamins was 
safe and lowered homocysteine levels, it was not more effec-
tive than placebo in reducing risk of the primary combined end 
point of stroke, MI, or vascular death (RR = 0.91; 95% CI, 0.82-1.00). 
Secondary analyses by outcome revealed similar results, except 
for a reduction in vascular death (RR = 0.86; 95% CI, 0.75-0.99). 
Results were generally consistent across subgroups, although B 

vitamins may have a role in reducing risk of vascular events among 
patients with symptomatic small-vessel intracranial disease. When 
the VITATOPS findings were included in a meta-analysis with other 
randomized controlled trials of homocysteine-lowering therapy in 
patients with and without preexisting cardiovascular disease, trial 
results were corroborated, with B vitamins not significantly more 
effective than control for reducing risk of stroke (RR = 0.94; 95% 
CI, 0.86-1.01) or composite stroke, MI, or  vascular death (RR = 0.99; 
95% CI, 0.94-1.03).

Despite negative trial results for B vitamins in preventing stroke, a 
clinically beneficial effect of homocysteine-lowering therapies can-
not be excluded. Interventions that are powered to detect smaller 
risk reductions, that can achieve and sustain larger reductions in 
homocysteine, or that are focused on certain subgroups such as 
those with lacunar infarction or ICH caused by small-vessel dis-
ease could produce clinically beneficial results. Several trials of B 
vitamins are ongoing, and a meta-analysis of individual data from 
these trials and all previous trials is planned as a means to provide 
more reliable estimates of the long-term effects of B-vitamin sup-
plementation for stroke prevention.

Migraine
Accumulating evidence suggests a relationship between migraine 
headache and an increased risk of ischemic stroke. A meta-analysis  
of 14 studies published through June 2004 reported a pooled RR of 
2.16 (95% CI, 1.89-2.48); results were similar for analyses restricted 
to persons younger than 45 years of age and were consistent among 
those having migraine with and without aura.218 An updated meta-
analysis incorporating nine studies published through January 
2009 also reported an increased risk of ischemic stroke among 
persons with any type of migraine compared to those without 
migraine (pooled RR = 1.73; 95% CI, 1.31-2.29).219 Stratification by 
migraine aura status, however, showed that the higher risk of stroke 
was largely confined to those having migraine with aura (pooled 
RR = 2.16; 95% CI, 1.53-3.03 for those with aura vs. pooled RR = 1.23; 
95% CI, 0.90-1.69 for those without aura).

Additional stratified analyses suggested a greater risk of ischemic 
stroke for the following groups: women with migraine (pooled RR = 
2.08; 95% CI, 1.13-3.84) but not men (pooled RR = 1.37; 95% CI, 
0.89-2.11); persons aged younger than 45 years (pooled RR = 2.65; 
95% CI, 1.41-4.97), particularly women (pooled RR = 3.65; 95% CI, 
2.21-6.04); smokers (pooled RR = 9.03; 95% CI, 4.22-19.34); and 
women currently using oral contraceptives (pooled RR = 7.02; 
95% CI, 1.51-32.68). Three studies each examined the relation-
ship of any migraine to TIA and hemorrhagic stroke; higher risk 
was found for TIA (pooled RR = 2.34; 95% CI, 1.90-2.88) but not for 
hemorrhagic stroke (pooled RR = 1.18; 95% CI, 0.87-1.60). Several 
studies found an association between migraine headache and 
nonspecific white matter hyperintensities on magnetic resonance 
imaging (MRI), localized predominately in the posterior circula-
tion white matter or cerebellum.220–223 The clinical significance of 
these MRI findings is uncertain. There is no evidence that migraine 
control lowers stroke risk, but as noted earlier, risk of migraine- 
associated stroke is higher among women who smoke and use oral 
contraceptives.

Awareness of Stroke Warning Signs  
and Acute Treatment
Studies indicate that recognition of stroke symptoms is higher in 
women than men, among whites versus blacks and Hispanics-
Latinos, and among people with higher versus lower educational 
attainment.224 Although awareness of stroke warning signs has 
improved over time, recognition of multiple warning signs remains 
low, as does people's ability to identify tissue-type plasminogen 
activator (tPA) as an available drug therapy, or the importance 
of presenting within a window of under 3 hours for treatment.225 
Symptoms associated with increased likelihood of calling 9-1-1 
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include weakness, confusion/decreased level of consciousness, 
speech/language deficits, and dizziness/coordination/vertigo; 
 however, numbness and headache were not associated with the 
decision to call.226 Administration of intravenous tissue plasmino-
gen activator (IV-tPA) to selected ischemic stroke patients within 
4.5 hours of symptom onset improves the likelihood that they will 
have an excellent outcome. Despite this benefit, only about 2% of 
ischemic stroke patients in the United States are treated with IV-tPA.227

Other potential or emerging risk factors not addressed in 
this chapter are available for review in the AHA Primary Stroke 
Guidelines.117
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C H A P T E R  30  Clinical Presentation and Diagnosis 
of Cerebrovascular Disease
Mark J. Alberts

Stroke is a common and serious disorder. Each year stroke affects 
almost 800,000 people in the United States and about 16 million 
people throughout the world.1 Associated high morbidity and mor-
tality provide impetus for improving diagnosis, acute management, 
and prevention of strokes. A full understanding of how patients 
with stroke and cerebrovascular disease come to medical atten-
tion, along with a logical approach for defining the mechanism of 
stroke, are needed for safe and effective implementation of acute 
therapies and prevention strategies. This chapter will focus on 
 clinical manifestations of all types of cerebrovascular disease and 
how clinicians can approach diagnostic evaluation.

Overview of Clinical Stroke
Stroke and cerebrovascular disease are caused by some distur-
bance of the cerebral vessels in almost all cases. In simple terms, we 
can divide stroke into two major types: ischemic and hemorrhagic. 
Ischemic stroke is the most common variety and is responsible 
for 80% to 85% of all strokes; hemorrhagic stroke accounts for the 
remainder.2 On occasion, an ischemic stroke can undergo second-
ary hemorrhagic transformation; likewise, a cerebral  hemorrhage 
(particularly a subarachnoid hemorrhage [SAH]) can cause a sec-
ondary ischemic stroke via vasospasm.

Ischemic stroke occurs when a blood vessel in or around the 
brain becomes occluded or has a high-grade stenosis that reduces 
the perfusion of distal cerebral tissue. A variety of mechanisms and 
processes can lead to such occlusions and will be discussed later 
in more detail. On rare occasions, venous thrombosis can occlude 
a cerebral vein and lead to ischemic as well as hemorrhagic strokes 
(venous infarction).

Hemorrhagic stroke (intracerebral hemorrhage [ICH] and SAH) 
occurs when a blood vessel in or around the brain ruptures or 
leaks blood into the brain parenchyma (ICH) or into the subarach-
noid space (SAH). It is not uncommon for there to be some over-
lap, such as an ICH also causing some degree of SAH and/or an 
intraventricular hemorrhage. Likewise, an SAH can produce some 
elements of an ICH if the aneurysmal rupture directs blood into the 
brain parenchyma. As with ischemic stroke, a variety of processes 
and lesions can produce ICH and SAH, but most affect integrity of 
the vessel wall in some way.

Clinical Manifestations of Stroke 
and Cerebrovascular Disease
Stroke is similar to real estate in that much of its presentation and 
prognosis depend on size and location. The area of brain involved 
dictates presenting symptoms. Blood vessels that supply different 
parts of the brain are affected by different types of cerebrovascular 
disease and have different mechanisms (pathophysiology) for the 
stroke. This concept greatly influences and defines the approach a 
vascular neurologist or neurosurgeon uses when assessing patients 
with a stroke or cerebrovascular disease.3,4

For example, a patient with evidence of involvement of the left 
hemispheric cortex (e.g., aphasia, visual field defect, weakness of 
contralateral face and arm) is likely to have a process involving the 
left middle cerebral artery (MCA). If head computed tomography 
(CT) does not show evidence of a hemorrhage, likely etiologies 
would include an embolic event from the heart (e.g., atrial fibril-
lation) or an artery-to-artery embolism (as might be seen with a 
high-grade lesion at the carotid bifurcation in the neck). Another 

patient with a pure motor hemiparesis but no other deficits is 
likely to have a lesion affecting the motor pathways in the inter-
nal  capsule, often due to occlusion of a small penetrating artery 
(lenticulostriate vessel) deep in the brain. Most ischemic strokes 
will respect the vascular territory of one or more arteries.5 Indeed, 
lesions that do not respect typical arterial territories lead to con-
cern for a  nonvascular process (e.g., tumor, infection). Common 
ischemic stroke  syndromes can be found in Tables 30-1 and 30-2.

Evaluation of hemorrhagic stroke follows a similar logical 
assessment, but is further complicated by spread of the  initial 
bleed, the effects of increased intracranial pressure, and other 
 secondary effects that lead to neurological manifestations 
beyond the  original injury. In this case, detailed cerebral  imaging 
is vital for understanding the mechanism of the stroke and rea-
sons for  secondary worsening. The discussions that follow offer 
more detailed descriptions of common hemorrhagic stroke syn-
dromes correlated with their likely anatomy and most likely 
pathophysiology.

Besides location of the stroke, the tempo of onset and progres-
sion of symptoms often provide valuable information about stroke 
etiology and mechanism. Stroke symptoms that progress in a 
casual manner with gradual onset and worsening over many min-
utes or longer often suggest a thrombotic process or hypoperfu-
sion due to occlusion or stenosis of a larger proximal vessel. Such 
a leisurely progression can also be seen with stroke mimics such as 
complicated migraines or partial seizures. The converse is a stroke 
syndrome with sudden onset of maximal symptoms that remain 
stable; this suggests an embolic process such as a cardioembolic 
stroke due to atrial fibrillation.

Similar reasoning holds true for most cases of hemorrhagic 
stroke. Intracerebral hemorrhage often presents with abrupt onset 
of symptoms, but close questioning may reveal that symptoms actu-
ally progressed over 15 to 30 minutes as the hematoma grew and 
expanded.6 Subarachnoid hemorrhage is often characterized by 
sudden onset of the worst headache of one's life, with significant 
nausea, vomiting, and stiff neck in many cases. The phrase “worst 
headache of my life” is so characteristic of SAH that a patient who 
presents to the physician or emergency department with that symp-
tom complex is assumed to have SAH until proven otherwise.7

Transient Ischemic Attack
A transient ischemic attack (TIA) is often a prodrome to an isch-
emic stroke. Symptoms of a TIA are identical to those of a stroke, 
but with resolution within 24 hours (according to the old defini-
tion of a TIA). In reality, most TIA syndromes last just a few  minutes, 
not many hours. In fact, modern brain imaging using magnetic 
resonance imaging (MRI) with diffusion-weighted sequences has 
now shown that 25% to 30% of patients with a TIA lasting 30 min to 
2 hours will have a new diffusion-weighted imaging (DWI) lesion 
on MRI indicating a stroke based on a tissue definition.8 Transient 
ischemic attack symptoms lasting 6 hours or longer have a 50% 
likelihood of having a new stroke on MRI with DWI techniques. 
Therefore the perceived distinction between a TIA and a stroke 
should be viewed more as a continuum from minor transient neu-
ronal dysfunction to  permanent brain infarction.

Although it was once thought that the risk of stroke after a TIA 
was low, new imaging studies as well as epidemiological studies 
have proven this is not the case. Based on purely clinical criteria 
(not MRI results), several recent studies have shown that after a 
TIA, 10% of patients will have a stroke within 3 months, and half 
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those strokes (5%) will occur within 48 hours of the initial TIA. 
About 25% of patients with a TIA will have a stroke, myocardial 
infarction (MI), death, recurrent TIA, or be hospitalized within 
the next 3 months.9 Based on these poor outcomes, recently pub-
lished guidelines  recommend hospital admission for patients 
with a recent TIA.8

Further studies have attempted to better define those patients 
with a TIA who are at higher risk of having a stroke within the 
next 2 to 7 days. Several scoring systems have been developed 
(Table 30-3) that may be useful for assessing such risks. Of course, 
any such assessment tool must be tempered by good clinical judg-
ment and consideration of all clinical factors.

Several types of TIAs deserve special mention because of their 
unique presentations. One is sudden blindness in one eye, which 
typically occurs as a “shade coming down” over the eye. Some 
patients report a graying out of vision in the eye, like looking 
through a gray haze or cloud. This type of TIA is often referred to as 
amaurosis fugax. This symptom complex typically resolves in a few 
minutes, although it can last for several hours. There is sometimes 
pain in or around the eye, but patients usually do not have any 
other focal neurological complaints. Some cases of amaurosis are 
due to emboli to the retinal circulation from an ulcerated plaque 
in or near the carotid bifurcation in the neck. Other cases can be 
due to local disease in the ophthalmic artery or in the posterior 
ciliary artery that supplies the optic nerve.10

The other unique type of TIA is the limb-shaking TIA. This 
 typically involves the arm or leg on one side of the body. Patients 
report uncontrollable shaking of a limb that can be precipitated 
by movement. These spells can last seconds to minutes. They are 
not epileptic in origin; electroencephalogram (EEG) is unremark-
able. These TIAs are associated with severe stenosis of the contra-
lateral internal or common carotid artery.11 Once the carotid artery 
is opened (usually with an endarterectomy), the spells cease.

Lastly is the topic of crescendo TIAs. This refers to a pattern where 
TIAs are recurrent, last longer, or are more severe in nature. This is 
a very worrisome type of TIA and is associated with a risk of stroke 
as high as 25% to 50% over the next few weeks.12

Some hemorrhagic strokes may also have a TIA equivalent, 
namely the sentinel headache before a SAH. The sentinel headache 
present as an acute headache that is unusual in terms of its nature, 
severity, and onset. It typically lasts more than an hour but does 
not have other impressive focal neurological findings and resolves 

SYNDROME VESSEL TYPICALLY INVOLVED BRAIN LOCATION SYMPTOMS

Pure motor hemiparesis Lenticulostriate or basilar/pontine 
perforator

Internal capsule, pons Unilateral weakness only

Mixed motor/sensory Lenticulostriate or thalamic perforator 
or deep white matter vessel

Internal capsule, deep white matter, 
thalamus

Motor and sensory deficits

Pure sensory Thalamic perforator Posterior thalamus Loss of contralateral sensory modalities

Ataxic hemiparesis Lenticulostriate or basilar/pontine 
perforator

Internal capsule, basis pontis Unilateral weakness with prominent ataxia, 
leg > arm

Dysarthria/clumsy hand Lenticulostriate or deep white matter 
vessel

Internal capsule, deep white matter Prominent dysarthria with isolated hand 
weakness

TABLE 30-2 Common Lacunar Stroke Syndromes

ABCD Age, blood pressure, clinical symptoms, duration

ABCD2 Age, blood pressure, clinical symptoms, duration, diabetes

ABCD2I Age, blood pressure, clinical symptoms, duration, infarction

Age: 60 years or greater = 1 point
Blood pressure: systolic 140 mmHg or greater = 1 point or diastolic 90 mmHg 

or greater = 1 point
Clinical symptoms: unilateral weakness = 2 points; speech disturbance 

 without weakness = 1 point
Duration: 60 minutes or more = 2 points; 10-59 minutes = 1 point
Diabetes: 1 point (on antidiabetic medications)
Infarction: evidence for acute ischemic stroke on CT or MRI

TABLE 30-3 Transient Ischemic Attack Scoring Systems

CT, computed tomography; MRI, magnetic resonance imaging. 
From Johnston SC, Rothwell PM, Nguyen-Huynh MN, et al: Validation and refinement of scores 
to predict very early stroke risk after transient ischaemic attack. Lancet 369:283–292, 2007.50

SYNDROME ANATOMY INVOLVED MAJOR SYMPTOMS VESSELS INVOLVED ETIOLOGY

Left MCA Left frontal/parietal cortex and 
subcortical structures

Aphasia, right visual field cut, right 
motor/sensory deficits; face > arm > 
leg weakness; left gaze preference

Left MCA or major branch; 
could also be left ICA or 
siphon

Emboli from heart or 
 proximal lesion; intrinsic 
atherothrombosis

Right MCA Right frontal/parietal cortex and 
subcortical structures

Neglect syndrome, agnosia, apraxia, 
left motor/sensory deficits, visual 
field deficit; right gaze preference

Right MCA or major branch; 
right ICA or siphon

Same as left MCA

Left ACA Left frontal and parasagittal areas Speech disturbance, behavioral 
changes, leg > arm weakness

Left ACA Intrinsic atherothrombosis, 
embolic

Right ACA Right frontal and parasagittal 
areas

Behavioral changes, leg > arm 
weakness

Right ACA Same as left ACA

Brainstem Pons, midbrain, medulla, 
cerebellum

Ophthalmoplegia, bilateral motor defi-
cits, ataxia/dysmetria; nausea/vomit-
ing/vertigo, coma/altered mentation

Basilar artery Intrinsic atherothrombosis, 
 embolism from heart or 
 proximal vessel

PCA Upper midbrain, occipital cortex/
subcortex, thalamus, medial 
temporal lobes

Visual field cut, motor/sensory loss, 
seizures, gaze problems; 3rd nerve 
deficits

Posterior cerebral artery, 
 thalamic perforators

Embolism from proximal lesion, 
intrinsic atherothrombosis

TABLE 30-1 Common Large-Vessel Ischemic Stroke Syndromes

ACA, anterior cerebral artery; ICA, internal carotid artery; MCA, middle cerebral artery; PCA, posterior cerebral artery.
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prior to the definitive SAH presentation. Sentinel headaches occur 
in 25% to 50% of patients with a subsequent aneurysmal SAH and 
typically antedate the SAH by days to weeks (average 2 weeks).13,14 
It is thought that most of these headaches are due to either minor 
leakage from a fragile aneurysm or enlargement of the aneurysm, 
resulting in pressure on a nearby structure that produces pain.

Ischemic Stroke Syndromes
There are numerous manifestations of ischemic stroke, and 
they can be classified based on brain location involved, artery 
affected, or symptoms produced. Although advanced diagnostic 
techniques have altered some of the clinical rules of stroke symp-
toms and etiology, there are still some useful concepts that can 
guide us in terms of stroke location and mechanism. Tables 30-1 
and 30-2 list some classic ischemic stroke syndromes with their 
major clinical manifestations, vascular territory, and underlying 
pathophysiology.5

Broadly speaking, ischemic strokes typically involve one or 
more vessels or vascular territories and produce a clinical picture 
of focal neurological deficit. Typically, clinicians look for unilateral 
weakness or sensory deficits, unilateral visual field abnormalities, 
speech disturbance (aphasia or dysarthria), neglect syndromes, 
unilateral ataxia, ophthalmoplegias, or gaze abnormalities as clues 
of a stroke. Symptoms such as vague diffuse weakness alone, head-
aches alone, memory loss, abnormal behavior, or isolated dizzi-
ness are rarely caused by an ischemic stroke. The appearance of a 
lesion in a typical vascular territory (based on brain imaging) is a 
key feature of almost all stroke syndromes.4

Presence of cortical deficits (aphasia, visual field cuts, neglect 
syndromes) often indicates involvement of a major cerebral vessel 
in the cerebral hemispheres. Presence of ataxia, bilateral motor 
or sensory deficits, Horner's syndrome, ophthalmoplegias, and 
crossed sensory findings (one side of the face and the other 
side of the body) often indicates a stroke in the posterior (verte-
bral-basilar) territory. There are specific syndromes that indicate 
small-vessel involvement deep in the brain. These so-called lacu-
nar strokes are due to occlusion of small penetrating arteries that 
arise directly from larger parent vessels. Favored locations include 
the deep basal ganglia structures, thalamus, and brainstem 
(pons). A listing of large-vessel and lacunar syndromes appears in 
Tables 30-1 and 30-2.

Atherothrombosis accounts for the majority of ischemic strokes. 
These lesions can occur anywhere in the cerebral vasculature, 
but they tend to have a preference for specific locations such 
as the bifurcation of the carotid artery in the neck, intracranial 
carotid siphons, proximal portion of the middle cerebral artery, 
mid- portion of the basilar artery, and aortic arch. An atheroscle-
rotic plaque forms over many years, then ruptures causing forma-
tion of a superimposed thrombus.15 This atherothrombotic lesion 
can totally occlude the vessel, produce severe narrowing (leading 
to watershed ischemia), or be a source of embolic material that 
embolizes to more distal parts of the cerebral vasculature (artery-
to-artery emboli).

Cardiac embolism accounts for 15% to 20% of all ischemic strokes. 
A variety of conditions such as atrial fibrillation, endocarditis, prior 
myocardial infarction, valvular disease, and  cardiomyopathy often 
lead to formation of intracardiac thrombi that subsequently embo-
lize to the brain (and other organs).4,16 Most lacunar strokes are 
due to either lipohyalinosis or microatheromata occluding a small 
penetrating artery.

Special Cases
ISCHEMIC STROKE IN YOUNG ADULTS

All clinicians see young adults (often defined as ≤ 45 years of age) 
with ischemic strokes. Such cases often entail a special evalua-
tion because of the unique processes and conditions that can 
produce strokes in this age group. Many case series have exam-
ined the diseases leading to ischemic strokes in the young, and 

in general they fall into a few major categories: (1) premature 
 atherosclerosis, (2) unusual vascular pathologies, (3) cardiac etiol-
ogy, (4) coagulopathy, and (5) other diseases.17

Premature atherosclerosis typically occurs in patients with risk 
factors for atherosclerosis; in some cases these have not been 
diagnosed or not properly treated. Examples include hyperten-
sion, hyperlipidemia, diabetes, smoking, and obesity. The types of 
uncommon vascular pathologies often seen in young adults with 
a stroke include dissection of a vessel (often not related to any 
obvious trauma), fibromuscular dysplasia, moyamoya disease, or 
a vasculitis related to an inflammatory condition or drug abuse.17 
Numerous cardiac processes can lead to strokes in the young, such 
as congenital heart disease, a patent foramen ovale (particularly 
with evidence of venous thrombi), valvular disease (infectious or 
inflammatory), cardiomyopathy, myxoma, papillary fibroelastoma, 
and many others. Myriad clotting disorders have been associated 
with strokes in young adults, the most common being lupus anti-
coagulants, anticardiolipin antibodies, and protein C and protein 
S deficiency.18 In general, these coagulopathies are more likely to 
cause venous thrombosis than arterial thrombosis. Clotting disor-
ders related to hematological malignancies can cause both isch-
emic and hemorrhagic strokes.19 Various systemic diseases are 
also associated with hypercoagulable states such as inflammatory 
bowel disease, hemoglobinopathies, elevated homocysteine, and 
cancer.

The “other” category covers a host of conditions, some rare and 
some common, that cause strokes in young adults. Migraine head-
aches and pregnancy are the most common of these. Patients with 
complex or complicated migraines, prolonged auras, or taking 
contraceptives have a higher risk of stroke.20 Pregnancy, particu-
larly in the third trimester and up to 3 months postpartum is associ-
ated with increased stroke risk, particularly venous thrombosis and 
cerebral hemorrhage.21,22 Drug abuse is another common cause 
of ischemic and hemorrhagic strokes in young adults.23 Other 
rare conditions include CADASIL (cerebral autosomal dominant 
arteriopathy with subcortical infarcts and leukoencephalopathy), 
MELAS (mitochondrial encephalomyopathy, lactic acidosis, and 
stroke), isolated central nervous system (CNS) vasculitis, Sneddon 
syndrome (combination of a livedo reticular rash, antiphospho-
lipid antibodies, and ischemic stroke), Marfan's syndrome, and a 
host of others (especially connective tissue disorders) have been 
known to cause strokes in this population.

STROKES RELATED TO SYSTEMIC DISEASE

Numerous systemic disorders are important and potent risk factors 
for stroke: hypertension, diabetes, hyperlipidemia, smoking, heart 
disease (atrial fibrillation, myocardial infarction, valvular disease, 
etc.), drug abuse, and others. These have been covered in other 
chapters of this book. Our focus here is on specific systemic disor-
ders that lead to specific or unusual types of strokes.

There are a number of unique systemic disorders that cause 
strokes in patients of any age. Autoimmune diseases, such as lupus, 
can produce strokes through a variety of mechanisms that include 
advanced or premature atherosclerosis, vasculitis, hypercoagulable 
states, and cardioembolic events.24 Sickle cell disease (SCD) also 
leads to ischemic strokes and hemorrhagic strokes due to myriad 
processes including a large-vessel arteriopathy, small-vessel occlu-
sion, rupture of moyamoya vessels (producing ICH and/or SAH), 
and  accelerated atherosclerosis due to hypertension and renal 
failure.25,26

Drug abuse, particularly cocaine, can produce ischemic strokes 
via a number of processes including vasospasm, cardiac emboli 
(due to cardiomyopathy), hypertension, and endocarditis.27 Drug 
abuse can produce an ICH or SAH due to extreme hypertension 
and necrotizing vasculitis. It is a fallacy to assume that drug abuse 
only occurs in young patients or those from certain demographic 
groups. All patients admitted with a stroke should be tested for 
drug abuse with urine toxicology screens, not excluding those 
older than 50 years and white-collar professionals.
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Human immunodeficiency virus/acquired immunodeficiency 
syndrome (HIV/AIDS) is now recognized as increasing the risk 
of stroke. This is partially because patients with HIV/AIDS are liv-
ing longer, and some are having strokes as a result of accelerated 
development of typical stroke risk factors. It is also clear that mod-
ern drug therapy for AIDS can increase the risk of stroke (particu-
larly ischemic stroke).28,29

Systemic cancer is a commonly overlooked cause of strokes. 
Sometimes the stroke diagnosis precedes diagnosis of the under-
lying cancer. Mechanisms for strokes related to cancer include a 
hypercoagulable state and nonbacterial thrombotic endocarditis. 
Oftentimes these strokes are multiple, variable in size, and in dif-
ferent vascular territories.30,31 Such patients may also have deep 
venous thrombosis (DVT). Liver failure appears to increase risk of 
ischemic and hemorrhagic stroke.

Intracerebral Hemorrhage
In broad terms, ICH can be divided into traumatic and non-
traumatic etiologies. This chapter will focus on nontraumatic 
ICH, since ICH related to trauma is not routinely considered a 
stroke. Intracerebral hemorrhage is typically caused by rupture 
of a blood vessel within the brain parenchyma. Patients typi-
cally develop a focal neurological deficit suddenly, but symptoms 
often evolve over 10 to 30  minutes as the hematoma gradually 
expands. Headache is commonly present, and the vast majority of 
patients have markedly elevated blood pressure (often in excess 
of 200 mmHg systolic) even without a prior history of hyperten-
sion. Nausea and vomiting can also occur, particularly with ICH 
that involves the brainstem and/or cerebellum.

Chronic or acute hypertension is the most common etiology 
for nontraumatic ICH, and this type of bleed typically occurs in 
specific brain locations (Table 30-4). As with ischemic stroke, 
location of the ICH is highly correlated with the type of symp-
toms produced. Recent studies using serial brain scans have 
shown that 30% to 40% of ICHs will expand over the first 24 hours 
after admission; such expansion is almost always associated with 
clinical worsening.6,32 High blood pressure may be a risk factor 
for ICH expansion, although this association has not been mecha-
nistically proven.

Another increasingly common etiology for ICH is cerebral amy-
loid angiopathy (CAA), which typically affects patients older than 
70 years of age. Cerebral amyloid angiopathy is caused by depo-
sition of one or more  amyloid proteins within the wall of cere-
bral small arterioles. A  typical CAA bleed occurs in a lobar region 
(junction of gray matter and white matter), most commonly in the 
parietal,  temporal, and occipital lobes. Intracerebral hemorrhages 
due to CAA can be multiple and recurrent.33–35 There is a clear asso-

ciation between CAA, ICH, and Alzhemier's disease. Sometimes 
an ischemic stroke can undergo hemorrhagic transformation and 
become an ICH. This occurs in up to 15% of cases of ischemic 
stroke and is associated with large strokes, cardioembolic strokes, 
and the use of anticoagulants and thrombolytic agents.

A variety of vascular malformations can cause an ICH, particularly 
arteriovenous malformations (AVMs) and cavernous malforma-
tions (less commonly, capillary telangiectasias and  developmental 
venous anomalies). Arteriovenous malformations are the most 
 common and serious type of vascular malformation that cause an 
ICH, and recurrent ICHs, as well as producing seizures and local 
neurological deficits.36 The characteristics and hemorrhagic risk of 
each of these lesions is shown in Table 30-5.

Intracerebral hemorrhage can occur as a consequence of anti-
coagulation use, administration of thrombolytic therapy (either 
for a stroke or another systemic condition), other coagulopathies, 
hematological disorders, endocarditis, infections (fungal, bacterial, 
viral), drug abuse (cocaine, heroin, amphetamines), brain tumors 
(typically metastases), and venous thrombosis.6 Iatrogenic causes 
of ICH deserve special mention, since there is now extensive use 
of powerful  antiplatelet agents and anticoagulants for a variety of 
c onditions. The use of tissue plasminogen activator (tPA) as well as 
 endovascular therapies (thrombectomy, stenting) as therapies for 
acute ischemic stroke can lead to ICH (and less commonly SAH).37

 
ICH LOCATION

LIKELY  
ETIOLOGY

 
COMMON SYMPTOMS

Basal ganglia Hypertension Contralateral  hemiparesis, speech 
changes, gaze deviation, 
altered mentation if large

Lobar Hypertension, CAA Cortical syndromes, weakness, 
visual field lesions, altered 
mentation if large

Thalamus Hypertension Altered mentation, sensory 
changes, gaze abnormalities

Pons Hypertension Coma, gaze and pupil 
 abnormalities, quadriparesis

Cerebellum Hypertension, AVM Ipsilateral ataxia, dizziness, 
 vertigo, nausea/vomiting

Hemispheric 
cortex

AVM, extreme 
 hypertension, 
mycotic aneurysm

Headaches, seizures, cortical 
syndromes

TABLE 30-4  Location and Symptoms for Common Types 
of Intracerebral Hemorrhage

AVM, arteriovenous malformation; CAA, cerebral amyloid angiopathy; ICH, intracerebral hemorrhage.

 
LESION TYPE

 
TYPICAL LOCATION

 
ANATOMY

PRESSURE 
CHARACTERISTICS

TYPICAL 
HEMORRHAGE TYPE

RISK OF BLEEDING/
OTHER EVENTS

Aneurysm Arterial bifurcations 
around circle of Willis

Degeneration of parts of vessel 
wall leads to outpouching of 
vessel

High SAH Depends on size; about 
1% or less in general 
population

AVM Anywhere in CNS Arteries draining directly into 
veins; abnormal intervening 
brain tissue

High ICH and/or SAH High; may also cause 
seizures

Cavernous 
angioma

Anywhere is CNS Collection of enlarged capillar-
ies; no intervening brain tissue

Low ICH most common Low in most cases; may 
cause seizures

Telangiectasia 
(capillary)

Anywhere; brainstem 
and white matter 
most common

Dilated capillaries with normal 
intervening brain

Low Pontine ICH Low

Venous angioma Hemisphere, 
cerebellum

Collection of small veins; radial 
pattern; draining vein; normal 
brain tissue

Low Deep white matter, 
cerebellum

Very low

TABLE 30-5 Common Types of Central Nervous System Vascular Lesions That Lead to Cerebral Hemorrhage

AVM, arteriovenous malformation; CNS, central nervous system; ICH, intracerebral hemorrhage; SAH, subarachnoid hemorrhage.
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Subarachnoid Hemorrhage
As noted earlier, most cases of nontraumatic SAH are due to 
 rupture of a saccular aneurysm that typically occurs at the bifur-
cation of blood vessels around the circle of Willis at the base of 
the brain. However, using modern imaging techniques, we can now 
image aneurysms that occur more distally in the arterial tree. Such 
lesions are often due to an underlying infection (most  commonly 
endocarditis), although they can be seen as a complication of 
 vasculitis or inherited conditions (polycystic kidney disease, 
Marfan's syndrome).38

Subarachnoid hemorrhage typically produces a severe and sud-
den headache along with nausea/vomiting, nuchal rigidity, and ele-
vated blood  pressure. Depending on the location of the ruptured 
aneurysm, some patients may have additional focal neurological 
findings. For example, an aneurysm involving the posterior com-
municating artery can produce an ipsilateral third nerve palsy that 
involves the pupil. Rupture of an aneurysm of the anterior com-
municating artery can produce speech and behavioral changes. 
Aneurysmal rupture that leads to extensive bleeding around the 
brain and into the ventricles can lead to altered mental status, coma, 
and sometimes early or sudden death due to dramatic increases in 
intracranial pressure. A listing of common aneurysm locations and 
symptoms can be found in Table 30-6.

Following an aneurysmal SAH, patients are at high risk for a 
number of complications including rebleeding (if the aneurysm 

is not secured by surgery or coiling), vasospasm causing ischemic 
stroke, seizures, hydrocephalus, SIADH (syndrome of inappropri-
ate antidiuretic hormone secretion), and central fever, among 
others.

An ICH or SAH that causes extensive hemorrhage into the ven-
tricular system can produce an acute or subacute hydrocepha-
lus syndrome with worsening headaches, nausea/vomiting, and 
altered mental status leading to coma in some cases. All strokes, 
but particularly ICH or SAH, can produce seizures, particularly if 
the blood involves parts of the cortex or epileptogenic deep struc-
tures such as the hippocampus. In the long term, such patients may 
develop dementia and personality changes.

Stroke Mimics
It is incumbent upon the clinician to ensure that a patient with 
a presumed stroke is having a real cerebrovascular event. Many 
medical conditions can present with stroke-like symptoms and 
even physical findings, but with a different etiology. This has 
obvious implications in terms of acute therapy, ongoing care, 
and secondary prevention. Table 30-7 lists some common stroke 
mimics and diagnostic tests that may be helpful for making the 
diagnosis.

Clinical Assessment Tools
History and Physical
Any assessment of a patient with suspected stroke or TIA begins 
with a focused history and physical. Factors of key concern 
include prior medical history with assessment of stroke risk  factors 
(hypertension, diabetes, heart disease, etc.), as well as the present-
ing symptoms, their mode of onset, precipitating factors, and time 
course (stable, improving, getting worse). We are particularly con-
cerned about symptoms such as disturbances of speech, language, 
and mentation; evidence of cranial nerve dysfunction ( diplopia, 
vision loss in one eye or sector, dysarthria, dysphagia, facial weak-
ness); focal motor weakness or coordination problems; gait 
abnormalities; and sensory symptoms. A particular challenge for 
stroke patients is that often their ability to sense or report these 
various symptoms may be affected by the very stroke causing 
the  symptoms. This makes obtaining historical details from family, 
friends, or caregivers very important.

LOCATION CLINICAL SYMPTOMS

Anterior communicating artery Leg weakness, speech disturbance, 
personality changes, seizures, 
 memory loss

Posterior communicating artery/
internal carotid artery (ICA) junction

Ipsilateral 3rd nerve palsy

Bifurcation of middle cerebral 
artery (MCA)

Contralateral weakness, sensory 
changes, speech changes

Basilar artery tip Altered mentation, pupil and gaze 
abnormalities

TABLE 30-6 
 Common Locations for Saccular Aneurysms 
and Related Symptoms in Subarachnoid 
Hemorrhage

STROKE MIMIC DIAGNOSTIC CLUES CONFIRMATORY TESTS TREATMENT

Hypoglycemia/
hyperglycemia

Hx of diabetes, taking glycemic 
medications

Blood glucose; serial testing Correct underlying disease

Electrolyte disturbance Predisposing condition, taking medications Electrolyte monitoring Correct underlying condition

Migraine Gradual Sx onset; prior Hx of headaches; 
family Hx of migraine

Rule out other conditions; identify 
 precipitating factors

Avoid triggers; prophylactic  medications 
if frequent migraines, discontinue 
 hormone therapies

Seizures Aura at beginning; preexisting illness; 
 postictal lethargy

EEG; may require serial monitoring Antiepileptic medications

Conversion reaction Nonphysiological neurological 
 examination; prior psychiatric events; 
 secondary gain

Rule out other conditions; repeated 
 examinations with inconsistent findings

Psychiatric evaluation

Demyelinating 
disease (MS)

Young age; gradual Sx onset MRI findings; LP results Treat MS with immunotherapy

CNS tumor Lesion in nonvascular territory; risk factors 
for cancer

MRI findings; serial scans evaluate for  
systemic neoplasm

Treat tumor

Subdural hematoma Head trauma; bleeding risk factors Head CT or MRI Correct coagulopathy; surgical drainage

Medication side effects Sx associated with medication ingestion Rule out other conditions Change/discontinue medications

Infection Fever, high white count Brain imaging, LP, blood cultures Antibiotics, antiviral medications

TABLE 30-7 Common Stroke Mimics: Diagnosis and Treatment

CT, computed tomography; EEG, electroencephalogram; Hx, history; LP, lumbar puncture; MRI, magnetic resonance imaging; MS, multiple sclerosis; Sx, symptom(s).
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Another key aspect is time of onset of stroke symptoms, since 
this will determine whether the patient is a candidate for acute 
intervention (this is of particular importance for ischemic stroke). 
Time of stroke onset is often (and incorrectly) assumed to be 
when the patient is found with evidence of a stroke. The correct 
definition of time of onset is when stroke symptoms first began. If 
a patient has been under constant observation, the time of onset 
will be when the patient was first noticed to have stroke symptoms. 
But if a patient has been home alone and discovered with stroke 
symptoms by a family member, the time of onset has to be when 
the patient was last known to be normal (assuming the patient 
cannot determine the time of onset). Therefore, in the case of a 
patient who awakens in the morning unable to speak at 7 am, time 
of onset is assumed to be when the patient went to bed normal the 
night before, unless there is clear documentation otherwise. This 
strict definition essentially rules out many patients with so-called 
wakeup strokes from receiving acute  therapies such as tPA.39

Physical examination will provide valuable information about 
the likely location of the stroke and suggest the vascular terri-
tory and blood vessel or vessels most likely to be involved. As 
already noted, this is a key step in determining stroke mecha-
nism and etiology. Besides vital signs and a thorough neuro-
logical examination, there are particular aspects of the general 
medical examination that provide important diagnostic informa-
tion to the clinician. These include an assessment for cervical 
bruits, a complete cardiac examination, checking blood  pressure 
and pulses in both arms, a skin examination, and evidence of 
trauma to the head and neck. Table 30-8 offers an outline of a 
neurological assessment for patients with known or suspected 
 cerebrovascular disease.

Clinicians often use a variety of scales or scoring systems to 
assess severity of various types of stroke. These scoring systems 
can provide guidance about treatment options as well as overall 
prognosis. The National Institutes of Health Stroke Scale (NIHSS) 
is often used to assess patients with an ischemic stroke. The NIHSS 
is a formalized neurological examination, and scores can range 
form 0 to 42 (0 being normal, higher score being more severe). 
The Glasgow Coma Scale (GCS) is often used in patients with ICH 
and SAH. It measures a patient's responses to a variety of stimuli. 
The GCS can range from 0 to 15, with 15 being normal. The Hunt 
and Hess Scale is used to assess severity of SAH, with 1 being an 
asymptomatic headache and 5 being deep coma. The Fisher Grade 
is used to measure the amount of subarachnoid blood seen on the 
head CT.  Scores range from 1 (no blood seen) to 4 (intraventricu-
lar or parenchymal blood).

Brain Imaging
Our ability to rapidly and accurately image the brain and  cerebral 
vasculature has been an important step and driver in our capabil-
ity to determine the type of stroke, its locations, and likely mecha-
nism.40 Almost every hospital in the United States is able to perform 
a head CT scan on patients in the emergency department. On-site 
personnel or remote radiology reading technologies and  services 
can provide a reading within 30 to 60 minutes. The ability to  rapidly 
perform and interpret brain imaging is a key component of a 
 primary stroke center.41

A head CT scan can easily, rapidly, and safely be used to  diagnose  
an acute stroke, especially if it is a hemorrhagic stroke. In some cases 
when a patient with an ischemic stroke is imaged very soon after 
symptom onset, the head CT may be negative or show only subtle 
changes. In such cases, a repeat head CT in 12 to 24 hours will almost 
certainly show changes indicative of a large or medium-sized isch-
emic stroke (Fig. 30-1). However, a head CT can miss small and acute 
strokes, particularly if they are in the  brainstem or  posterior fossa. 

Head CT is very sensitive for imaging hemorrhagic strokes, par-
ticularly ICH. Intracerebral hemorrhages appear as white lesions 
in the brain parenchyma that represent the actual hematoma 
(Fig. 30-2A). Often there is early evidence of edema around the 
ICH, which can worsen over several hours and days. In 30% to 40% 
of ICH cases, the actual hematoma will expand and lead to clini-
cal worsening. In patients with a large SAH, the head CT will show 
bright signal (blood) at the base of the brain and within some 
cortical sulci (Fig. 30-2B). However, a small SAH or sentinel bleed 
may be missed by CT and even MRI. Hence a lumbar puncture is 
needed to definitively rule out a small SAH.

Numerous studies as well as recent guidelines have  supported 
use of brain MRI for assessment of patients with known or 
 suspected strokes.42 Magnetic resonance imaging using DWI 
techniques is extremely  sensitive and accurate for diagnosing 
essentially all types of ischemic strokes (and some types of hemor-
rhagic stroke). Magnetic resonance imaging is  particularly  useful 
for imaging small strokes, acute strokes, and those in the  posterior 

TESTING DOMAIN SPECIFIC FUNCTIONS TESTED

Mentation and 
cognition

Level of alertness, orientation, speech, naming/
repetition, memory, personality, apraxia, agnosia, 
neglect syndromes

Cranial nerves Testing of nerves II-XII typically performed, including 
visual acuity and funduscopic examination

Motor function Tone, bulk, abnormal movements; strength, fine 
movements

Cerebellar function Coordination, rapid movements, balance

Gait Ability to walk, balance, tandem gait

Sensory Pain/pin prick, light touch, vibration/proprioception

Reflexes Deep tendon reflexes, plantar response (Babinski); 
cutaneous reflexes, primitive reflexes (snout, suck, 
grasp, palmomental)

Vascular system Auscultation of neck and heart; blood pressure 
 measurements in both arms; check pulses in hands 
and feet; consider ankle-brachial index (ABI)

TABLE 30-8  Typical Components of a Neurological 
Examination Pertinent to Stroke

FIGURE 30-1 Head computed tomography (CT) scan without contrast. 
Arrow indicates a subacute stroke (darker gray area) in right occipital lobe in a 
patient with a new visual field deficit present for about 24 hours.
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fossa (Fig. 30-3). In addition to DWI sequences, use of gradient 
echo sequences allows detection of small amounts of blood. Using 
this technique, studies have shown that up to 40% of ischemic strokes 
may have microhemorrhages within the area of ischemia.43

Magnetic resonance imaging results will often provide invaluable 
information about stroke etiology, even if the patient's symptoms and 
presentation suggest an alternative etiology. For example, a patient may 
present with symptoms pointing to a small-vessel stroke deep in the 
brain. In the proper setting, this type of stroke might be caused by typi-
cal vascular risk factors such as hypertension or diabetes. However, if 
the MRI showed evidence of other small acute strokes in other  vascular 
territories, this would shift focus away from an isolated small-vessel 
stroke to alternative mechanisms such as  cardioembolic strokes due to 
atrial fibrillation, a hypercoagulable state, or even a vasculitis.

Another advantage of MRI is that it can accurately distinguish 
acute strokes from subacute strokes using lesion characteristics. 
An acute ischemic stroke will be bright on DWI, dark on appar-
ent  diffusion coefficients (ADC) and not show enhancement with 
 gadolinium (Fig. 30-4A-B). A stroke that is 7 to 10 days old will be less 
bright on DWI, less dark on ADC, and show enhancement with gad-
olinium (Fig. 30-4C). A chronic stroke may be bright on DWI (due to 
T2 shine through), bright on ADC, and show no enhancement.

Advanced MRI techniques are now available that can identify 
potentially salvageable brain from infarcted brain based on com-
paring DWI lesions with magnetic resonance (MR) perfusion lesions 
(Fig. 30-5). Patients with an acute stroke who have a large area of 

FIGURE 30-4 A, Magnetic resonance 
imaging (MRI) of the brain with 
diffusion-weighted sequences shows 
evidence of a large left hemispheric 
stroke (white areas with arrows). B, 
Apparent diffusion coefficient (ADC) of 
same region; dark area is abnormal and 
indicates ischemia/infarction consistent 
with an acute stroke. C, Brain MRI 
after infusion of gadolinium showing 
enhancement of a right occipital stroke 
consistent with a subacute infarction (at 
least 5-7 days old).

A B C

FIGURE 30-3 Magnetic resonance imaging (MRI) of brain with 
diffusion-weighted sequence. White dots (arrows) show areas of acute 
ischemic or infarction consistent with several acute strokes in a patient with 
atrial fibrillation.

FIGURE 30-2 A, Head computed 
tomography (CT) scan without contrast. 
Arrows indicate a deep intracerebral 
hemorrhage (ICH) with rupture into the 
ventricular system (white area). B, Head 
CT scan without contrast. Arrows indicate 
a subarachnoid hemorrhage (SAH)  (white 
areas) at the base of the brain filling the 
basal cisterns.

A B
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 perfusion  abnormality on an MR perfusion study but a smaller area 
of ischemia (DWI lesion) may benefit from reperfusion therapy 
using lytic or endovascular therapies even 6 to 8 hours after stroke 
onset. Use of these advanced MRI techniques to select patients with 
an apparent “ ischemic penumbra” is an area of active research.42,44

Magnetic resonance imaging of an ICH is more complex, owing 
to signal changes caused by metabolism of various blood constit-
uents. About 48 to 72 hours after an ICH, the hemoglobin (Hb) in 
the hematoma is metabolized into intracellular methemoglobin, 
which appears bright on the MRI using T1 sequences and dark 
on T2 sequences. After a week or more, methemoglobin becomes 
extracellular and becomes bright on T1 and T2 sequences. 
Hemosiderin is then formed in the hematoma and produces a 
dark signal in gradient echo sequences45 (Fig. 30-6).

Imaging Cerebral Vasculature
Of equal importance to imaging brain parenchyma is detailed 
imaging of the cerebral vasculature, both extracranial (aorta, 
carotid and vertebral arteries) and intracranial vessels.40 Although 
in most cases we are focusing on the arterial vasculature, in certain 
cases it is also important to image the cerebral veins (so-called 
sinuses) to rule out a cerebral venous thrombosis.

There are several noninvasive modalities available for  imaging the 
cerebral vessels, including magnetic resonance  angiography (MRA) 
(see Chapter 13), computed tomographic  angiography (CTA) (see 
Chapter 14), duplex Doppler ultrasound (see Chapter 12), and 
 transcranial Doppler (TCD) (Figs. 30-7 and 30-8). Each method has 
certain advantages as well as some limitations (Table 30-9). We typi-
cally use either MRA or CTA because they are capable of imaging 
the entire cerebral vasculature (from the great vessels in the chest to 

FIGURE 30-5 Magnetic resonance imaging (MRI) of brain with 
superimposed perfusion and diffusion images showing areas of 
“mismatch” indicating existence of an apparent ischemic penumbra. 
Perfusion defect is blue; infarcted brain is pink/purple.

FIGURE 30-6 A, Head computed 
tomography (CT) showing right 
thalamic intracerebral hemorrhage 
(ICH) (white area with arrow). B, 
Brain magnetic resonance imaging 
(MRI) with gradient echo sequences 
showing same stroke (arrow). Dark 
area represents iron deposition 
caused by the bleed. C, Subacute ICH 
white area (arrow) is methemoglobin 
formed from a recent cerebral 
hemorrhage.

A B C

A B

C D

FIGURE 30-7 Magnetic resonance angiogram (MRA) with gadolinium, 
showing normal extracranial common, internal, and external carotid 
arteries (A) and intracranial vessels (B). C, Stenosis due to atherosclerosis 
in proximal internal carotid artery (ICA) (arrow). D, MRA of vertebral-basilar 
system showing irregularity of left vertebral artery due to either fibromuscular 
dysplasia (FMD) or dissection (arrows).
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 medium-sized intracranial vessels) at one time in only 5 to 10 minutes 
for CTA, and 25 to 30 minutes for MRA. Computed tomographic angi-
ography requires intravenous contrast agents, whereas Magnetic reso-
nance angiography can be done either with intravenous gadolinium 
or without (using a time-of-flight [TOF] protocol). Magnetic resonance 
angiography with contrast (vs. no contrast) provides better images, per-
mitting visualization of small lesions such as dissections or a vasculitis. 
Computed tomographic angiography  provides  modestly more precise 
anatomical detail in terms of its ability to detect small aneurysms and 
small dissection flaps, and accurately determine the degree of arterial 
stenoses. However, CTA does expose patients to ionizing radiation.

Carotid duplex ultrasound is a safe and noninvasive method 
to image selected segments of the large vessels in the neck. 

Transcranial Doppler is another safe and noninvasive  technique 
to image segments of the intracranial vasculature. Both techniques 
can provide information about direction and velocity of blood 
flow. Carotid ultrasound can be performed serially over the course 
of months and years to assess changes in the degree of stenosis of 
a neck artery, and it can determine plaque size and composition. 
Transcranial Doppler is often performed daily after SAH to deter-
mine whether there is development of cerebral vasospasm that 
may cause an ischemic stroke.

The gold-standard imaging modality for cerebral vessels remains 
the digital subtraction angiogram (DSA). In cases where CTA and 
MRA show different degrees of stenosis, we may do a DSA to deter-
mine the exact degree of stenosis (often before doing a carotid 
endarterectomy or carotid artery stent). Besides offering precise 
imaging of small, medium, and large vessels, a DSA also provides 
invaluable information about cerebral hemodynamics. By inject-
ing the various cerebral vessels, an angiogram can determine (in 
cases of a vessel stenosis or occlusion) exactly where the blood 
supply is coming from and going to. The angiogram can detect 
 collateral vessels (or lack thereof) that may be supplying a region 
of brain thought to be poorly perfused due to occlusion of a prox-
imal vessel. We have often seen patients with apparent lack of 
flow through a severely diseased basilar artery, only to find that 
abundant  collaterals are supplying the brainstem with adequate 
perfusion. A DSA is also very important when planning surgical 
treatment for an AVM, aneurysm, and other vascular lesions.

Using computer reconstruction algorithms, images from all the 
above techniques can be assembled into three-dimensional (3D) 
pictures to provide a comprehensive view of the cerebral vessels. 
These images can be rotated and flipped as needed to aid the cli-
nician in determining the type, location, and severity of the lesion 
(stenosis, aneurysm, etc.).

Laboratory Tests
All patients with a stroke (ischemic or hemorrhagic) require stan-
dard testing that should include a complete blood cell count (CBC), 
chemistry panel, coagulation studies, chest x-ray, electrocardiogram 
(ECG), urinalysis, and the brain imaging already detailed.46 Again, 
all patients should undergo toxicology screening for drug use, since 
this is a common condition, and patients are often not forthcoming 
about drug abuse. The Centers for Disease Control and Prevention 

A B

FIGURE 30-8 Computed tomographic angiogram (CT) of neck vessels. 
A, Side oblique view shows severe calcification of distal common carotid artery 
(CCA) and proximal internal carotid artery (ICA) (arrow). B, Axial images show a 
normal right carotid artery (blue arrow) and calcified left ICA. Calcified region is 
depicted with yellow area; soft plaque is shown by red arrow.

 
TEST NAME

IMAGING 
TECHNIQUE

 
VASCULATURE IMAGED

 
ADVANTAGES

 
DISADVANTAGES

Carotid Doppler Ultrasound Extracranial carotid and 
 vertebral arteries

Safe, noninvasive, no radiation, 
 inexpensive; provides some 
 anatomical and physiological data

Limited to extracranial vasculature 
in the neck

TCD Ultrasound Intracranial arteries Safe, noninvasive, no radiation, 
 inexpensive; provides some 
 physiological data

Limited to mostly intracranial 
 vasculature; limited  anatomical 
detail

MRA Magnetic 
resonance

Large and medium extracranial 
and intracranial arteries and 
veins; great vessels in chest

Safe, noninvasive, no radiation; some 
anatomical details; can image 
most vessels; can evaluate cerebral 
 perfusion; some aneurysm detection

Cannot be used with a  pacemaker 
or metal; limited in severe 
 claustrophobia; contrast often 
needed; expensive

CTA X-ray Extracranial and intracranial 
arteries and veins; great 
 vessels in chest; can detect 
some small vessels

Significant anatomical detail; can 
 evaluate cerebral perfusion; can 
image most vessels; accurate stenosis 
and aneurysm measurements

Radiation exposure; requires 
 contrast; limited use with renal 
dysfunction; expensive

Digital cerebral 
angiography

X-ray All arteries and veins,  including 
small vessels

Significant anatomical detail; can 
 evaluate cerebral perfusion and 
 collateral flow; accurate stenosis and 
aneurysm measurement

Invasive procedure; radiation 
 exposure; requires  contrast; 
 limited use with renal  dysfunction; 
expensive

TABLE 30-9 Vascular Imaging Techniques

CTA,  computed tomographic angiography; MRA, magnetic resonance angiography; TCD, transcranial Doppler.  
Some data derived from Latchaw RE, Alberts MJ, Lev MH, et al: Recommendations for imaging of acute ischemic stroke: a scientific statement from the American Heart Association. Stroke 40:3646–
3678, 2009.
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(CDC) recommends HIV testing for most adults who are hospitalized, 
and this would include patients with an acute stroke.47 Table 30-10 
lists routine laboratory testing for patients with ischemic stroke.

Special blood tests are warranted if a hypercoagulable state is 
suspected based on the patient's age, lack of other risk factors, 
or if another condition is suspected.48 An elevated D-dimer may 
indicate ongoing thrombosis. Blood cultures may be obtained in 
patients with multiple embolic strokes to rule out endocarditis. In 
patients with suspected vasculitis or a possible autoimmune dis-
order, tests for inflammatory conditions, such as a sedimentation 
rate, antinuclear antibody (ANA) titers, and other serologies, may 
be performed. Hemoglobin electrophoresis can rule out SCD or 
trait, as well as thalassemia.

Since the heart can be the cause of up to 25% of all strokes, a 
thorough cardiac assessment is needed in most cases. Beyond 
the cardiac clinical examination and an electrocardiogram, all 
patients with an ischemic stroke should receive at least 48 hours 
of cardiac monitoring using computerized telemetry to detect 
rhythm changes that could cause a stroke (e.g., atrial fibrillation) 
as well as dysrhythmia that could indicate underlying coronary 
artery disease (CAD) or cardiomyopathy (e.g., ventricular tachy-
cardia).46 In some cases, more prolonged monitoring using the 
Holter device is warranted to further assess for paroxysmal atrial 
fibrillation. Cardiac imaging including a transthoracic echocardio-
gram (TTE) or a transesophageal echocardiogram (TEE) is often 
performed to evaluate cardiac function and assess for presence of 
a cardiac clot or other structural lesion. Typically we begin with a 
TTE, and if negative then proceed to the TEE.49

Monitoring a patient's respiratory status and oxygen saturation 
is important in the acute setting, since changes may indicate an 
increase in intracranial pressure or presence of obstructive sleep 
apnea (OSA) (which is an underrecognized risk factor for stroke).

Duplex ultrasound examination of the lower and upper extremi-
ties is commonly performed to detect DVT when this is considered 
a possible source of stroke (in patients with a patent foramen ovale) 
or a complication of stroke (in patients who are obese, sedentary, 
or were found down at home after many hours or days). Presence 
of DVT can also be an indicator of an underlying  hypercoagulable 
state or cancer. A thorough evaluation for underlying malignancy 

should be considered in patients with a stroke and DVT, as well as 
patients with cryptogenic strokes.

A lumbar puncture is warranted in patients with suspected 
vasculitis or if a small SAH is suspected but not proven based 
on brain CT or MRI. Special genetic testing is performed in cases 
of suspected disorders such as CADASIL or Marfan's syndrome. 
Apolipoprotein E genotype analysis in patients with suspected 
CAA may be appropriate, since the e2 and e4 alleles are strongly 
associated with CAA-related ICH.

The utility of these tests is greatest in patients with strokes of 
unusual type, size, and location, particularly if there are no risk fac-
tors for atherothrombotic and cerebrovascular disease. A typical 
patient with one or more risk factors who has an uncomplicated 
ischemic stroke of known mechanism does not require the special 
testing listed (in most cases).

Conclusions
Stroke is a complex and heterogeneous disease that is the culmina-
tion of a variety of medical factors and cerebral vascular anatomy. 
Based on results of the history, physical, blood, and imaging tests, the 
clinician can make an accurate assessment as to the location, type, 
mechanism and cause of the stroke. Based upon this formulation, 
an approach for acute therapy can be planned, along with interven-
tions to avoid secondary complications and prevent a recurrent 
stroke. A better understanding of the basics of stroke in terms of type, 
cause, presentation, and diagnosis will lead to improved therapies 
and increase the chance that the patient will have a better outcome.
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Medical management of stroke encompasses a wide range of ther-
apies that include interventions directed at reducing the extent 
of acute injury, managing physiological parameters in the acute 
phase, and preventing recurrent strokes. Ischemic stroke is the 
most common form of cerebrovascular disease and will be the 
focus of this chapter, which will overview acute treatments and pre-
vention measures. Only a brief mention of primary intracerebral 
hemorrhage (ICH) in regard to acute management and secondary 
prevention will be included.

Acute ischemic stroke (AIS) occurs after occlusion of an intra-
cranial or extracranial vessel by a thrombus that in most cases has 
embolized from the heart or a more proximal vessel. Unlike acute 
myocardial infarction (AMI), in situ thrombosis is uncommon. As 
a consequence of acute vascular occlusion, a cascade of intracel-
lular events (Fig. 31-1) is initiated; over varying periods of time, they 
lead to irreversible tissue injury such as infarction.1 The tempo-
ral development of infarction within the ischemic brain region is 
quite variable, and portions of the ischemic brain tissue may not be 
irreversibly injured for many hours after the initial vascular occlu-
sion.2 Ischemic brain tissue that remains viable and potentially 
amenable to salvage with timely initiation of therapeutic inter-
ventions is called the ischemic penumbra, and this potentially sal-
vageable tissue is the target of AIS therapies.3,4 The basic concept 
underlying AIS therapy is that reducing the extent of brain infarc-
tion should translate into improved clinical outcome, as measured 
by commonly used outcome scales such as the modified Rankin 
Scale (mRS) or Barthel Index.5

The most important factor predisposing ischemic brain tissue 
to infarction is the severity of cerebral blood flow (CBF) decline.6 
Regions with little or no residual CBF will evolve into infarction 
rapidly and are not the target of AIS therapies because reperfu-
sion cannot in most cases be performed rapidly enough to salvage 
this ischemic core region. In the ischemic penumbra, CBF decline 
is more modest, and this ischemic tissue progresses more slowly 
toward infarction, providing a time window for intervention that can 
salvage tissue to some extent. A variety of definitions for the ischemic 
penumbra were suggested over time and are outlined in Box 31-1. 
Besides the severity of CBF decline, other factors that affect evo-
lution of ischemic injury include temperature, glucose, blood pres-
sure, and other metabolic factors.7,8 The implication of these factors 
that contribute to the evolution of ischemic injury is that individual 
AIS patients have quite variable therapeutic time windows for suc-
cessful therapeutic intervention, and that the earlier a therapy is ini-
tiated, the more likely it is to be beneficial. Acute ischemic stroke 
therapy can be divided into two broad areas: (1) recanalization/
reperfusion approaches directed at improving altered CBF within 
ischemic tissue and (2) neuroprotection designed to impede the 
cellular consequences of ischemic injury. The focus of this chapter 
will be on the former because no neuroprotection strategies have 
been demonstrated to be of significant benefit. Recanalization/
reperfusion can be accomplished with intravenous (IV) or intra-
arterial (IA) thrombolytics as well as mechanical devices. These 
approaches comprise the currently available AIS treatments.

Prehospital and Emergency Department 
Management of Ischemic Stroke
Prehospital management and field treatment are critically impor-
tant to increasing survival rates of stroke patients. This phase starts 
with the emergency medical services (EMS) call and continues in 

the hospital emergency department (ED; Table 31-1). The majority 
of ischemic stroke patients do not reach the hospital soon enough, 
owing to lack of local services, facilities, and social reasons. When 
first suspected to have a stroke, the patient should be rapidly trans-
ported to an appropriate facility for diagnostic evaluation and treat-
ment initiation.9 Stroke patients who present within 3 to 4.5 hours 
of symptom onset are eligible for IV thrombolysis.10–14 Emergency 
medical services use is strongly associated with a decreased time 
to initial physician examination, initial computed tomography (CT) 
imaging, and neurological evaluation.13,15–17 The benefits of EMS 
contact are superior to contacting the family physician or hospital 
directly, and were confirmed with several studies.18,19 Stroke should 
be given a priority dispatch as for MI and trauma.20 Patients who 
show signs and symptoms of hyperacute stroke must be treated as 
time-sensitive emergency cases and transported without delay to 
the closest institution that provides emergency stroke care.

To ease and facilitate this process, medical authorities and 
media sources should encourage the recognition of stroke signs 
by providing public education about this condition.21 All members 
of the public should be able to recognize and identify the signs 
and symptoms of stroke, which include sudden localized weak-
ness, difficulty speaking, loss of vision, headache, and dizziness.22 
Patient, family, and caregiver education is an integral part of stroke 
care that should be addressed at all stages across the continuum 
of stroke care for both adult and pediatric patients.22 Currently, 
thrombolytic treatment with tissue plasminogen activator (tPA) is 
the only approved treatment option for AIS. The National Institute 
of Neurological Disorders and Stroke (NINDS) and Advanced 
Cardiac Life Support Resources (ACLSR) recommend the possible 
timing sequences shown in Table 31-2 for the potential thromboly-
sis candidate.

Data from the Thomas Lewis Latané (TLL) Temple Foundation 
Stroke Project controlled trial showed the benefits of educational 
interventions on stroke identification and management targeting 
patients, EMS, hospitals, and community physicians. This approach 
increased thrombolytic use in patients with ischemic stroke from 
2.21% to 8.65% as compared with communities that did not have 
such programs, which saw only a 0.06% increase. For patients with 
ischemic stroke who were eligible for thrombolytic therapy, rates 
of tPA usage increased from 14% to 52% in intervention communi-
ties.23,24 Prehospital delays continue to contribute the largest pro-
portion of time to late initiation of therapy.25

Emergency medical services arrival starts the diagnostic and man-
agement processes. The EMS crew should transfer the patient to a 
medical center that can provide appropriate diagnostic and treat-
ment modalities to stroke patients.9 After the ambulance arrives on 
the scene, EMS providers should obtain a brief history and patient 
examination, stabilize vital signs, and rapidly transport the patient to 
the closest, most appropriate facility (Table 31-3). Prehospital evalua-
tion is helpful for ED physicians and the inpatient care team for plan-
ning treatment options. The Los Angeles Prehospital Stroke Screen 
and Cincinnati Prehospital Stroke Scale are the most widely used 
and preferred prehospital evaluation instruments and facilitate eval-
uation of potential stroke patients. Critical medical interventions in 
the ED should focus on the need for intubation, blood pressure con-
trol, and determining risk/benefit for thrombolytic intervention.26 
General ED stroke care issues are outlined in Table 31-4.27,28

Acute stroke patients urgently need IV access and cardiac mon-
itoring in the ED, preferably initiated in the transporting ambu-
lance. These patients are at also risk for acute cardiac diseases 
such as arrhythmias and myocardial infarction (MI). In addition, 
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atrial fibrillation may be associated with acute stroke as either the 
etiology (embolic disease) or as a result.29,30 Acute stroke patient 
evaluation in the ED should include a detailed history, physical 
examination, neurological examination, and stroke scale scores 
(National Institutes of Health Stroke Scale [NIHSS] and appropri-
ate diagnostic tests; Box 31-2).9

Patients presenting with compromised ventilation require emer-
gent airway control via nasal oxygenation or rapid sequence intu-
bation. Adequate tissue oxygenation is important in the acute 

DETECTION RECOGNITION OF STROKE SIGNS AND SYMPTOMS

Dispatch Call 911 (emergency phone number) and priority EMS 
dispatch

Delivery Prompt transport and prehospital notification to hospital

Door Immediate ED triage

Data ED evaluation, prompt laboratory studies, and CT 
imaging

Decision Diagnosis and decision about appropriate therapy

Drug Administration of appropriate drugs or other 
interventions

TABLE 31-1 Stroke Chain of Survival

CT, computed tomography; ED, emergency department; EMS, emergency medical services.
Adapted from Adams HP Jr, del Zoppo G, Alberts MJ, et al: Guidelines for the early management 
of adults with ischemic stroke: a guideline from the American Heart Association/American Stroke 
Association Stroke Council, Clinical Cardiology Council, Cardiovascular Radiology and Intervention 
Council, and the Atherosclerotic Peripheral Vascular Disease and Quality of Care Outcomes in 
Research Interdisciplinary Working Groups: the American Academy of Neurology affirms the 
value of this guideline as an educational tool for neurologists. Stroke 38:1655–1711, 2007.9

TIME INTERVAL TIME TARGET

Door to doctor 10 min

Access to neurological expertise 15 min

Door to CT scan completion 25 min

Door to CT scan interpretation 45 min

Door to treatment 60 min

Admission to monitored bed 3 h

TABLE 31-2  Stroke Evaluation Time Benchmarks for 
Potential Thrombolysis Candidate

CT, computed tomography.

RECOMMENDED NOT RECOMMENDED

Manage ABCs Dextrose-containing fluids in nonhypogly-
cemic patients

Cardiac monitoring Hypotension/excessive blood pressure 
reduction

IV access Excessive IV fluids

Oxygen (as required for O
2
 

saturation <92%)

Assess for hypoglycemia

Nil per os (NPO)

Alert receiving emergency 
department

Rapid transport to closest 
appropriate facility capable 
of treating acute stroke

TABLE 31-3
  Guidelines for Emergency Medical Services 

Management of Patients with Suspected 
Stroke

ABCs, airway, breathing, circulation;  IV, intravenous.
Adapted from Adams HP Jr, del Zoppo G, Alberts MJ, et al: Guidelines for the early management 
of adults with ischemic stroke: a guideline from the American Heart Association/American Stroke 
Association Stroke Council, Clinical Cardiology Council, Cardiovascular Radiology and Intervention 
Council, and the Atherosclerotic Peripheral Vascular Disease and Quality of Care Outcomes in 
Research Interdisciplinary Working Groups: the American Academy of Neurology affirms the 
value of this guideline as an educational tool for neurologists. Stroke 38:1655–1711, 2007.9

Cerebral ischemia  
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FIGURE 31-1 Depiction of the 
major events that encompass 
the ischemic cascade of cellular 
injury. DNA, deoxyribonucleic acid; 
NO, nitric oxide. (Courtesy Dr. Wolf-
Rudiger Schaebitz.)

■ A region of reduced CBf with absent electrical activity but preserved ion 
homeostasis and transmembrane electrical potentials

■ A region with reduced CBf and preserved energy metabolism
■ A region with impaired protein synthesis but preserved ATP levels
■ A region that is potentially salvageable with timely intervention*

Box 31-1  Definitions of the Ischemic Penumbra 
Over Time

*This definition is the most clinically relevant one and relates directly to imaging 
identification.
ATP, adenosine triphosphate; CBf, cerebral blood flow.
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management of acute cerebral ischemia to prevent hypoxia and 
further brain damage. The most common causes of hypoxia in the 
patient with acute stroke are partial airway obstruction, hypoven-
tilation, atelectasis, or aspiration pneumonia.9,26,27,31 Oxygen need 
should be monitored with pulse oximetry, with a target oxygen 
saturation level of 92% or better.32 Endotracheal intubation, sup-
plemental nasal oxygen, and hyperbaric oxygen are choices to 
augment oxygen intake. If brain herniation is present, hyperventi-
lation using mechanical ventilation is an option to decrease intra-
cranial pressure (ICP) by decreasing CBF,  is recommended with 
an endpoint arterial partial pressure of carbon dioxide (Pco2) of 

32 to 36 mmHg. Intravenous mannitol can be considered as well to 
reduce increased intracranial pressure. Oxygen supplementation 
should be guided by a pulse oximeter.26,27,31

Acute Stroke Therapy
The only AIS treatment currently approved by regulatory agencies 
is IV tPA initiated within 3 hours after stroke onset. Approval of this 
treatment was based on results of the NINDS tPA trial that demon-
strated a highly significant improvement in 90-day outcome on vari-
ous outcome measures including mRS, Barthel Index, and NIHSS.33 
The benefit was observed in different stroke subtypes and in patients 
with various ranges of baseline stroke severity, ranging from relatively 
mild to fairly severe.34 Despite a risk of 6.4% for symptomatic intra-
cranial hemorrhage with IV tPA treatment observed in the NINDS 
trial, the overall treatment effect was highly significant. Following 
the NINDS trial, several other studies of IV tPA were performed that 
tried to extend the therapeutic time window to 6 hours from stroke 
onset.35–37 None of these demonstrated a significant benefit on the 
primary outcome measure chosen for the trial. However, a com-
bined analysis of the European Cooperative Acute Stroke Studies 
(ECASS) I and II as well as the ATLANTIS trial demonstrated a signifi-
cant treatment effect with IV tPA out to 4.5 hours from stroke onset.38 
This observation suggested that the therapeutic time window for IV 
tPA could be extended and was evaluated in the ECASS III trial. The 
study evaluated AIS patients between 3 and 4.5 hours after onset 
and reflected the European license for tPA: excluding patients over 
80, those with very severe strokes, history of prior stroke, diabetes, 
and use of anticoagulants prior to stroke.39 The ECASS III study dem-
onstrated that 52.4% of tPA-treated patients achieved a favorable 
outcome of 0 to 1 on the mRS, compared to 45.2% with placebo 
treatment (odds ratio [OR], 1.34; 95% confidence interval [CI], 1.02-
1.76; P = 0.04). The results of ECASS III led to recommendations from 
the American Heart Association (AHA) and other groups that the 
use of IV tPA be extended to 4.5 hours in selected AIS patients.40 
Subgroup analysis of the ECASS III data suggested that patients 
older than 65 and those with more severe strokes had less bene-
fit than younger patients or those with milder deficits41 (Box 31-3). 
Unfortunately, only standard CT scans were employed in the ECASS 
III trial, so it is unclear how more modern imaging techniques such 
as diffusion/perfusion magnetic resonance imaging (MRI) or perfu-
sion CT may contribute to identifying AIS patients more or less likely 
to benefit from IV tPA in this extended time window when ischemic 
penumbral survival tends to wane.

Currently, IA thrombolysis remains an unproven therapy for AIS 
patients, despite its widespread use at larger centers. The only phase 
III trial that evaluated this therapeutic approach was the PROACT-III 
trial that compared prourokinase (n = 121) to placebo (n = 59) in 
severely compromised patients with angiographically confirmed 
large-vessel occlusion treated up to 6 hours after stroke onset.42 
A prior safety trial demonstrated a reasonable safety  profile. In the 
PROACT-II trial, 40% of treated patients achieved a favorable outcome, 

BLOOD GLUCOSE TREAT HYPOGLYCEMIA WITH D50

Blood pressure Evaluate recommendations for thrombolysis 
 candidates and noncandidates

Cardiac monitor Continuous monitoring for ischemic changes and 
atrial fibrillation

IV fluids Avoid D
5
W and excessive fluid administration; IV 

 isotonic sodium chloride solution at 50 mL/h  
unless otherwise indicated

Oral intake NPO initially; aspiration risk is great; avoid oral intake 
until swallowing assessed

Oxygen Supplement if indicated (Sao
2
 <93%, hypotensive, etc.)

Temperature Avoid hyperthermia; oral or rectal acetaminophen 
and cooling blankets as needed

TABLE 31-4  General Management of Patients with Acute 
Stroke

IV, intravenous; NPO, nil per os; Sao
2
, arterial blood oxygen saturation.

Adapted from Krieger D, Hacke W: The intensive care of the stroke patient. In Barnett HJ,  
Mohr JP, Stein BM, editors: Stroke: pathophysiology, diagnosis and management, ed 3,  
New York, 1998, Churchill Livingstone; and SPORTIF Executive Steering Committee for the 
SPORTIF V Investigators: Ximelagatran vs. warfarin for stroke prevention in patients with  
nonvalvular atrial fibrillation: a randomized trial. JAMA 293:690–698, 2005.27,28

Patient Characteristics Associated with Modest  
or No Benefit with tPA
■ females
■ Age >65*
■ moderate baseline stroke severity*
■ diabetes mellitus
■ Hypertension*
■ Atrial fibrillation*

Box 31-3  Subgroup Analysis of the ECASS III Trial of 
Intravenous tPA in the 3- to 4.5-Hour Time 
Window

Adapted from Bluhmki E, Chamorro A, dávalos A, et al: Stroke treatment with alteplase given 
3.0-4.5 h after onset of ischaemic stroke (ECASS iii): additional outcomes and subgroup 
analysis of a randomised controlled trial. Lancet neurol 8:1095–1102, 2009.42

tPa, tissue plasminogen activator.
*denotes patients with an increased risk for symptomatic intracerebral hemorrhage (iCH).

Adapted from Adams HP Jr, del Zoppo G, Alberts mJ, et al: Guidelines for the early 
management of adults with ischemic stroke: a guideline from the American Heart Association/
American Stroke Association Stroke Council, Clinical Cardiology Council, Cardiovascular 
Radiology and intervention Council, and the Atherosclerotic Peripheral vascular disease 
and Quality of Care outcomes in Research interdisciplinary Working Groups: the American 
Academy of neurology affirms the value of this guideline as an educational tool for neurologists. 
Stroke 38:1655–1711, 2007.9

Box 31-2  Immediate Diagnostic Studies for 
Patients with Suspected Acute Ischemic 
Stroke*

All Patients
noncontrast brain CT or brain mRi
Blood glucose
Serum electrolytes/renal function
ECG
markers of cardiac ischemia
CBC, including platelet count
Prothrombin time/inR
APTT
oxygen saturation

Selected Patients
Hepatic function tests
Toxicology screen
Blood alcohol level
Pregnancy test
Arterial blood gas tests (if hypoxia is suspected)
Chest radiography (if lung disease is suspected)
Lumbar puncture (if SAH is suspected and CT scan is negative for blood)
EEG (if seizures are suspected)

*Although it is desirable to know the results of these tests before giving rtPA, thrombolytic 
therapy should not be delayed while awaiting the results unless (1) there is clinical suspicion 
of a bleeding abnormality or thrombocytopenia, (2) the patient has received heparin or 
warfarin, or (3) use of anticoagulants is not known.
APTT, activated partial thromboplastin time; CBC, complete blood cell count; CT, computed 
tomography; ECG, electrocardiogram; EEG, electroencephalogram; inR, international 
normalized Ratio; mRi, magnetic resonance imaging; SAH, subarachnoid hemorrhage.
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defined as an mRS score of 0 to 2, compared to 25% in the placebo 
group (P = 0.04). The rates of partial or complete recanalization 
were 66% and 18%, respectively. Symptomatic ICH was increased in 
the prourokinase group, but not significantly. The trial showed that 
IA therapy could be beneficial up to 6 hours from stroke onset in 
patients with large intracranial vascular occlusions. Prourokinase 
was not approved by regulatory agencies based upon this one 
modestly sized trial, and a second confirmatory trial was never per-
formed. Prourokinase is not available for clinical use.

Studies of the IA use of tPA are limited to combination trials with 
initial IV tPA use followed by subsequent IA treatment. In the IMS 
I trial, the combined use of tPA both IV and IA was observed to 
carry a similar risk for ICH as IV tPA alone in the NINDS IV trial.43 
In the IMS II trial, patients initially received IV tPA within 3 hours 
of stroke onset. An angiogram was then performed, and if a clot 
was observed, IA therapy was initiated either through a standard 
catheter or an EKOS microinfusion catheter.44 Among 81 patients 
included in the trial, 26 received IV tPA alone, 33 IV plus IA tPA via 
the EKOS catheter, and 19 the combination IA via a standard cath-
eter. There was no control group, but when compared to the pla-
cebo group in the NINDS trial, this combined treatment approach 
tended to have a more favorable outcome. IMS III, a much larger 
trial comparing IV tPA with various combined IV and IA therapies, 
is ongoing, but recruitment has lagged. A European study compar-
ing IV versus IA tPA is also ongoing.

The use of urokinase given IA was studied in the Japanese MELT 
trial that randomized 114 patients with angiographically confirmed 
middle cerebral artery (MCA) occlusion to active therapy or stan-
dard medical therapy within 6 hours of stroke onset.45 The IA uro-
kinase group achieved a favorable outcome (mRS 0-2) in 49.1% of 
patients, compared to 38.6% in the control group, a nonsignificant 
trend toward benefit in an underpowered trial. A detailed analysis 
of the randomized IA thrombolytic trials concluded that there was 
no evidence of proven benefit with this treatment approach when 
compared with the expected rate in a prognostic model.46

Device recanalization was evaluated with both the MERCI 
retriever and PENUMBRA device. Both of these devices received 
U.S. Food and Drug Administration (FDA) clearance to remove 
clots in intracranial blood vessels but are not approved to treat AIS, 
a curious paradox when considering why a device would be used 
to remove a clot. Approval of the MERCI retriever was based upon 
an open nonrandomized trial in 141 AIS patients, most with anterior 
circulation occlusions, treated up to 8 hours after stroke onset who 
did not receive tPA.47 These treated patients were then compared 
to historical controls, the placebo group from the PROACT-II trial. 
Partial or complete recanalization occurred in 48% of the patients 
treated with the MERCI retriever, but only 27.1% achieved an mRS 
score of 0 to 2 at 90 days, essentially the same as the 25% rate of 
mRS observed in the control group in the PROACT-II trial. Serious 
adverse events related to employment of the device occurred in 
7.1% of the patients, but this did not include an additional 7.8% of 
patients who developed symptomatic ICH.

A second open-label study of a subsequent generation of the 
MERCI retriever, the Multi-MERCI study, was reported, but this study 
is difficult to interpret because concomitant use of IV and/or IA 
tPA was allowed and occurred in the majority of the patients in 
the study.48 The partial or complete recanalization rate was slightly 
higher (57.3%), as was the rate of patients achieving a 90-day mRS 
score of 0 to 2 (36%). Symptomatic ICH occurred in 9.8% of patients, 
and serious adverse events occurred in 7.9%. The PENUMBRA 
device was also evaluated in an open trial and compared to his-
torical controls from the PROACT II trial.49 In this study, 125 patients 
were treated with the device up to 8 hours after stroke onset. 
Partial or complete recanalization occurred in 82% of the patients, 
 device-related serious adverse events in 1.6%, and  symptomatic 
ICH in 11.2%. At day 90, 25% of the patients achieved an mRS of 0 
to 2, identical to the control group in the PROACT II trial.

Based on these two open studies that compared the device 
outcomes to historical controls from PROACT II, the devices both 
received clearance from the FDA for removal of intracranial clots. 

The trials do demonstrate that both devices effectively induce par-
tial/complete vessel recanalization when employed up to 8 hours 
after stroke onset. However, the recanalization was not associated 
with improved clinical outcome, insofar as both trials demon-
strated clinical outcomes essentially identical to the control group 
of untreated patients in PROACT II, and the rate of symptomatic 
ICH was concerning.

Despite the lack of proven clinical benefit, both IA tPA and 
device clot removal are used in some centers up to 8 hours and 
beyond after stroke onset. The lack of clinical benefit is concerning 
because both therapeutic approaches clearly induce recanaliza-
tion of occluded vessels in the majority of patients treated, and this 
should translate into clinical improvement based upon the earlier 
time window IV tPA trials. The implication is that despite successful 
opening of occluded vessels in many patients, clinical benefit was 
not derived because not enough ischemic tissue was salvaged at 
the late time points evaluated, especially in the two device trials. 
Additionally, the rate of symptomatic hemorrhage rate seen in the 
MERCI and PENUMBRA studies may have detracted from potential 
clinical improvements. The results suggest that late recanalization 
alone is not sufficient for inducing clinical benefit, and those other 
factors such as tissue salvage at such late time points must be con-
sidered to demonstrate clinical efficacy.

In addition to recanalization therapies that have demonstrated 
clear benefit when initiated within 4.5 hours of stroke onset, the 
only other acute intervention with a documented significant 
improvement in outcome is the use of specialized stroke care units. 
In acute coronary care, specialized units have a long-standing his-
tory and proven track record. For AIS, the development and use of 
specialized care units is much more recent, and efficacy was docu-
mented later than for coronary care units. Several studies found 
that admission of AIS patients to stroke care units reduces mortal-
ity and disability when compared to care on general medical units 
with stroke team consultation.50,51 The precise reasons for these 
benefits are uncertain but likely relate to stricter adherence to care 
guidelines, better blood pressure and glucose management, and 
earlier mobilization.52 Additionally, it is now apparent that man-
agement guidelines such as the AHA “Get with the Guidelines” 
recommendations reduce complications after AIS, and that these 
guidelines should be implemented both in stroke units and gen-
eral hospital units if at all possible.53

The other approach to AIS treatment besides recanalization/
reperfusion is neuroprotection, or reduction of infarction by treat-
ments targeting the manifold cellular consequences of focal brain 
ischemia, which has a long and undistinguished track record. In 
animal stroke models, many categories of neuroprotective drugs 
reduce infarct size, and some also improve functional outcome54,55 
(Box 31-4). The reduction of infarct size for many neuroprotective 
drugs occurred without reperfusion, implying that enough of the 
drug reached the ischemic penumbra in sufficient  concentration 

■ nmdA antagonists
■ AmPA antagonists
■ free radical scavengers
■ Growth factors
■ Calcium channel antagonists
■ GABA agonists
■ Serotonin antagonists
■ Potassium channel activator
■ Antiinflammatory agents

Box 31-4  Types of Neuroprotective Drugs That Have 
Been Evaluated as Potential Treatments for 
Acute Ischemic Stroke

Adapted from Schabitz WR, fisher m: Perspectives on neuroprotective stroke therapy. 
Biochem Soc Trans 34:1271–1276, 2006; and donnan GA: A new road map for 
neuroprotection. Stroke 39:242–248, 2008.55,56

AmPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate; GABA, γ-aminobutyric acid; 
nmdA, N-methyl-d-aspartate.
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to impede development of infarction. This can occur because 
there is sufficient residual CBF in the penumbral region to deliver 
the neuroprotective drug and allow this tissue to survive.

Based on preclinical data of varying quality and extensiveness, 
many neuroprotective drugs went into clinical development, 
including phase III trials in some cases.56 None of the neuropro-
tective drugs demonstrated significant efficacy, and currently no 
neuroprotective drug is available for AIS treatment. Many reasons 
for the multitude of neuroprotective drug development programs 
were proposed regarding both the preclinical assessment of 
these agents and the clinical development programs57 (Box 31-5). 
Neuroprotection as an AIS treatment strategy remains appeal-
ing either as monotherapy or in combination with reperfusion. 

A safe and modestly effective neuroprotective drug with clear 
stand-alone efficacy for improving outcome after AIS could be 
widely used, especially in hospitals without the adequate infra-
structure for giving even IV tPA. Combining neuroprotection with 
reperfusion therapy can be envisioned in several ways. Very early 
initiation of a neuroprotectant could potentially extend survival 
of the ischemic penumbra, allowing for later deployment of an IV 
or IA reperfusion therapy. In animals, both high-flow 100% oxygen 
delivery and granulocyte colony stimulating factor (GCSF) have 
the capability to extend penumbral survival, but this approach 
has not yet been tested in clinical trials.58,59 Another potential 
combination of neuroprotection with reperfusion would be to 
use an appropriate agent to reduce potential deleterious tis-
sue consequences of successful reperfusion (i.e., reperfusion 
injury).60 Neuroprotective drugs that affect free radicals or reduce 
the recruitment of inflammatory white blood cells (WBCs) may 
be particularly suited to reduce reperfusion injury, and clinical 
development programs with such agents after successful reperfu-
sion should be considered.

A final consideration for future neuroprotection develop-
ment programs would be to use agents that reduce infarct size 
when given early after AIS, but also enhance the natural recov-
ery  processes that occurs weeks and months later.61 This com-
bination approach is appealing because both the reduction of 
infarct size engendered by the neuroprotective effect and the 
recovery-enhancing effect will contribute to improved stroke 
outcome. Current pessimism related to neuroprotection for AIS 
could be replaced by guarded optimism, but the organization 
and conduct of clinical trials will be more complex and difficult 
than in the past.

The most important future directions for AIS therapy are 
to extend the treatment window beyond the currently proven  
4.5 hours from onset with IV tPA and to maximize the therapeu-
tic benefit of this treatment within the currently documented 
 time-to-treatment window. An attractive hypothesis for accom-
plishing both objectives is to use advanced imaging to identify 
AIS patients with extensive, persistent ischemic penumbra, the 
target of acute stroke therapy.3 Two imaging modalities, diffusion- 
or perfusion-weighted MRI (DWI/PWI; Fig. 31-2) and perfusion CT 
(Fig. 31-3) may be appropriate for this task.62,63 With DWI, regions of 
high-energy metabolism failure that developed cytotoxic edema 

Preclinical Testing Flaws
■ inadequate sample sizes in treatment experiments
■ Lack of adequate physiological monitoring
■ Lack of blinding to treatment outcomes
■ not testing the drug in animals that were female, aged, or had relevant 

comorbidities
■ only testing the study drug in rodents
■ only evaluating histological endpoints and not behavioral outcomes
■ Lack of determining effects on both ischemic gray and white matter

Clinical Trial Flaws
■ Treating patients too long after stroke onset
■ including stroke subtypes not likely to respond to treatment, such as 

lacunar stroke patients
■ moving to phase iii trials without adequate assessment of the study drug's 

pharmacology
■ Side effects precluded reaching the therapeutic blood level shown to be 

effective in animals
■ inadequately powered phase iii trials to detect a modest but clinically 

meaningful treatment effect
■ Using an insensitive or flawed primary outcome measure

Box 31-5  Potential Preclinical and Clinical 
Trials Flaws That May Have Hampered 
Neuroprotective Drug Development

Adapted from Gladstone dJ, Black SE, Hakim Am: Toward wisdom from failure: lessons from 
neuroprotective stroke trials and new directions. Stroke 33:2123–2136, 2002.58

Diffusion-perfusion mismatch

FIGURE 31-2 Example of a diffusion and perfusion mismatch on an acute magnetic resonance imaging (MRI) scan.
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can be readily identified and quantified as regions of hyperinten-
sity that can be easily differentiated from normal brain regions. 
On PWI, various methods can be used to identify hypoperfused 
tissue, but approaches such as mean transit time mapping, time 
to peak mapping, and CBF mapping all have deficiencies in reli-
ably differentiating among the ischemic core with very low CBF, 
the ischemic penumbra with moderate CBF, reductions, and oli-
gemic tissue that is not destined for infarction.64,65 Currently, it is 
suggested that Tmax mapping that corrects for the arterial input 
of contrast in normal brain contralateral to the ischemic region 
likely provides the best distinction among these three ischemic 
regions. The ischemic penumbra is thought to be represented by 
regions that are abnormal on PWI by Tmax thresholding but are 
normal on DWI, the so-called DWI/PWI mismatch.66 Preliminary 
data support this concept because without therapy this DWI/PWI 
mismatch region is highly likely to demonstrate infarction on 
delayed T2 or fluid-attenuated inversion recovery (FLAIR) imag-
ing. Magnetic resonance angiography (MRA) can also be acquired 
along with DWI and PWI and can depict the location of occlusion 
in large and medium-sized vessels.

The obvious application of the DWI/PWI mismatch would be 
to identify patients with substantial amounts of residual ischemic 
penumbra at various time points after stroke onset, and then to 
randomize such patients in clinical trials. In a large European case 
series, it was observed that patients with a DWI/PWI mismatch 
identified 3 to 6 hours after AIS stroke onset had essentially the 
same rate of favorable clinical outcome when treated with IV 
tPA as patients treated 0 to 3 hours after stroke onset.67 Two early-
phase clinical trials evaluated the utility of DWI/PWI in conjunc-
tion with IV tPA treatment in the 3- to 6-hour time window and 
demonstrated that patients more likely to respond to therapy can 
be identified.68,69

A third group of imaging-based trials used a different thrombo-
lytic drug, desmoteplase, derived from bat saliva. Two small pre-
liminary desmoteplase trials in which DWI/PWI and MRA were 
obtained at baseline demonstrated that reperfusion was greatly 
enhanced with this novel thrombolytic drug when compared to 
placebo, and that ischemic lesion growth tended to be reduced.70,71 
A third, larger desmoteplase trial did not demonstrate clinical effi-
cacy despite using DWI/PWI in two thirds of patients and perfusion 
CT in the remainder.72 It was observed that with DWI/PWI, patients 
who had a substantially larger mismatch tended to have a much 
better response to treatment than patients with a smaller mismatch. 
These preliminary studies that used DWI/PWI in conjunction with 
IV thrombolysis should be judged to be hypothesis generating. It 
is quite possible that DWI/PWI can be used to identify patients 
more likely to respond to treatment, and therefore reduce the sam-
ple size for future trials because the percentage of uninformative 
patients will be reduced.

General Medical Management of Acute  
Stroke Patients
Hypoglycemia should be corrected with rapid IV administration 
of concentrated glucose solution. Hypoglycemia is detrimental 
to the ischemic process. At the opposite end of the spectrum, a 
blood glucose of 200 mg/dL (10 mmol/L) or higher justifies imme-
diate insulin administration. Hyperglycemia is found in nearly 
20% to 50% of stroke patients.73–75 Severe hyperglycemia is inde-
pendently associated with stroke progression, increase in infarct 
size, and poor prognosis. Increased blood glucose causes reduced 
reperfusion in thrombolysis, as well as extension of the infarcted 
territory.76–80 Glucose-containing IV fluids should not be given to 

CBV maps

MTT maps

Summary maps

FIGURE 31-3 Perfusion computed tomography (CT) scan of an acute ischemic stroke (AIS) patient, demonstrating a very small basal ganglial 
abnormality on the cerebral blood volume map and a large area of hypoperfusion on the mean transit time map of brain perfusion.
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 normoglycemic stroke patients because this may lead to hyper-
glycemia and may worsen ischemic cerebral injury. Blood sugar 
control should be tightly maintained to establish normoglycemia 
(90-140 mg/dL).9

Core temperature is elevated in up to 50% of patients within 
48 hours after stroke onset. High temperature is an alarming sign 
whether or not there is infection. Management of fever could 
notably have favorable or unfavorable consequences. Pyrogens 
can enhance the effects of interferons (molecules involved in 
the immune response), inhibit growth of some microorganisms, 
enhance the activity of white blood cells, and enhance tissue 
repair. The presence of fever has been found to correlate with 
poorer outcome in stroke, mostly because of increased metabolic 
demand, enhanced release of neurotransmitters, and increased 
free radical production.35,81–85 Fever has been shown experimen-
tally to increase infarct size, and high body temperature may favor 
stroke progression and poor long-term outcome.86 Antipyretics are 
indicated for febrile stroke patients, since hyperthermia acceler-
ates ischemic neuronal injury.

The Paracetamol (Acetaminophen) in Stroke (PAIS) trial 
assessed whether early treatment with paracetamol improves func-
tional outcome in patients with acute stroke by reducing body tem-
perature and preventing fever. Patients (n = 1400) were randomly 
assigned to receive acetaminophen (6 g daily) or placebo within 
12 hours of symptom onset. After 3 months, improvement on the 
mRS with acetaminophen was not greater than expected. These 
results do not support routine use of high-dose acetaminophen in 
patients with acute stroke.89 Antipyretics are recommended early 
in the management of acute stroke until the temperature is low-
ered to 37.5 °C. Antibiotics should be used early in cases of appar-
ent bacterial infection.79

Hypothermia is currently being evaluated in clinical trials as 
a neuroprotective approach.87,88 It has been shown to be neuro-
protective in experimental and focal hypoxic brain injury mod-
els. Although strong experimental and clinical evidence indicates 
that induced hypothermia can protect the brain in the presence 
of hypoxia or ischemia, including after cardiac arrest, there is lit-
tle data about the utility of induced hypothermia for treatment of 
patients with stroke.90–95

Cerebral perfusion pressure is high when patients are main-
tained in a supine position. However, lying flat may serve to 
increase ICP and thus is not recommended in cases of subarach-
noid or other ICH. This information is applicable during trans-
portation of stroke patients for enhancing favorable outcome.96 
Life-threatening space-occupying brain edema occurs in up to 
10% of patients with supratentorial infarcts and is associated 
with an increased mortality rate of nearly 80%.97 Stroke patients 
develop maximal cerebral edema 48 to 72 hours after onset.9 
Cerebral edema worsens ischemic stroke by increasing ICP and 
by its indirect effects. Hyperventilation and mannitol are used rou-
tinely to decrease ICP quickly and temporarily but are of uncer-
tain long-term value. Both approaches require careful monitoring 
of blood chemistry. There is no evidence supporting the use of 
corticosteroids to decrease cerebral edema in AIS. Many patients 
who develop hemorrhagic transformation or progressive cerebral 
edema will demonstrate acute clinical decline. In cases of evolv-
ing large MCA infarction, early surgical decompression is now 
the “antiedema” therapy of first choice for patients younger than 
60 years, independent of affected hemisphere. Whether this aggres-
sive treatment is beneficial for elderly patients or when performed 
after 48 hours is currently being tested. Over the past decade, 
decompressive hemicraniectomy for malignant MCA infarction 
has been reported to lower mortality without increasing the num-
ber of severely disabled survivors in several uncontrolled case 
series.98–103

Maintaining electrolyte balance is also important during the 
acute stages of stroke, especially to avoid plasma volume con-
traction. Disturbance of fluid balance could worsen brain perfu-
sion pressure. Patients should be adequately hydrated. All stroke 
patients should receive IV fluid therapy, with a slightly positive fluid 

balance according to the level of dehydration, as indicated by the 
hematocrit and serum osmolality. A careful approach should be 
employed in patients having possible cerebral edema. Therefore, 
all stroke patients need daily electrolyte monitoring.79

Although patients with heart disease are at high risk for ischemic 
stroke, both myocardial ischemia and cardiac arrhythmias are 
potential complications of acute cerebrovascular diseases.30,104 The 
most common arrhythmia detected in the setting of stroke is atrial 
fibrillation, which may be either related to the cause of stroke or 
a complication.9 Other potentially life-threatening cardiac arrhyth-
mias are relatively uncommon, but sudden death may occur.31,105 
No clinical trials have tested the utility of cardiac monitoring for 
most patients with ischemic stroke, or the use of cardioprotective 
agents or medications to prevent serious cardiac arrhythmias. Still, 
a consensus exists that patients with AIS should have cardiac mon-
itoring for at least the first 24 hours, and that any serious cardiac 
arrhythmia should be treated. The utility of prophylactic admin-
istration of medications to prevent cardiac arrhythmias among 
patients with stroke is unclear.9

Hypertension has a devastating effect on the brain and is a major 
risk factor for ischemic and hemorrhagic stroke. Hypertension 
alters the structure of cerebral blood vessels and disrupts intri-
cate vasoregulatory mechanisms that ensure adequate blood 
supply to the brain. These alterations threaten cerebral blood sup-
ply and increase susceptibility of the brain to ischemic injury.106 
High blood pressure is often detected in the first hours after stroke. 
Blood pressure monitoring and treatment is one of the most criti-
cal issues in stroke treatment. Hypotension and hypertension are 
both dangerous for stroke patients because of the disturbed cere-
bral perfusion. Hypotension and abnormalities in cardiac rhythm 
must be corrected as quickly as possible to ensure adequate cere-
bral perfusion. However, elevated blood pressure should be man-
aged according to suggested guidelines.107,108 Aggressive efforts to 
lower blood pressure may decrease cerebral perfusion pressure 
and worsen the ischemic process.

Both elevated and low blood pressures are associated with poor 
outcomes in patients with acute stroke.109,110 Blood pressure nor-
malization may acutely reduce the hemorrhagic transformation 
risk of ischemic stroke and reduce the risk of stroke recurrence 
and brain edema. Aggressive antihypertensive therapy should be 
used in stroke patients with hypertensive encephalopathy, aor-
tic dissection, acute renal failure, acute pulmonary edema, or 
AMI.110,111 Unfortunately, aggressive treatment of blood pressure 
may lead to neurological worsening by reducing perfusion pres-
sure to ischemic brain areas.110,112,113 Excessive lowering of blood 
pressure acutely in ischemic stroke patients has been associated 
with neurological worsening. When the blood pressure must be 
lowered, titratable short-acting IV medication is preferred to min-
imize the risk of cerebral hypoperfusion.114 Typically, during the 
first hours after stroke onset, but sometimes not until 24 hours 
later, blood pressure drops spontaneously, unrelated to any specific 
medication.115

Precise recommendations for control of hypertension in the set-
ting of acute stroke are controversial owing to results of several 
studies related to acute blood pressure control.110 Systolic blood 
pressure (SBP) greater than 185 mmHg or diastolic pressure of 
greater than 110 mmHg are contraindications to thrombolysis; 
emergency blood pressure control is indicated to allow for throm-
bolytic administration.35 Outside of the consideration of throm-
bolytic administration, in the absence of hypertension-related 
complications, no data support administration of emergency anti-
hypertensive drugs in acute stroke. The consensus recommenda-
tion is to lower blood pressure only if systolic pressure is in excess 
of 220 mmHg or if diastolic pressure is greater than 120 mmHg.9 
However, rapid reduction of blood pressure, no matter the degree 
of hypertension, may in fact be harmful.

Management of blood pressure in patients with AIS is divided 
into those who are candidates for thrombolytic therapy and 
those who are not. For patients who are not tPA candidates and 
whose SBP is less than 220 mmHg and diastolic blood pressure 
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is less than 120 mmHg in the absence of evidence of end-organ 
involvement (i.e., pulmonary edema, aortic dissection, hyper-
tensive encephalopathy), blood pressure should be monitored 
(without acute intervention), and stroke symptoms and compli-
cations should be treated (increased ICP, seizures). For patients 
with SBPs elevated above 220 mmHg or diastolic blood pressures 
between 120 and 140 mmHg, labetalol (10-20 mg IV for 1-2 min) 
should be the initial drug of choice unless a contraindication 
to its use exists.113 Dosing may be repeated or doubled every 
10 minutes to a maximum dose of 300 mg. Alternatively, nicardip-
ine (5 mg/h IV initial infusion) titrated to effect via increasing 
2.5 mg/h every 5 minutes to a maximum dose of 15 mg/h may be used 
for blood pressure control. Lastly, nitroprusside at 0.5 μg/kg/min IV 
infusion may be used in the setting of continuous blood pressure 
monitoring. The goal of intervention is a reduction of 10% to 15% 
of blood pressure.9,26

For patients who will be receiving tPA, SBP should be lower 
than 185 mmHg and diastolic blood pressure lower than 110 mmHg. 
Monitoring and control of blood  pressure during and after 
thrombolytic administration are vital because uncontrolled 
hypertension is associated with hemorrhagic complications.35 
For the first 2 hours after IV thrombolysis, blood pressure 
should be checked every 15 minutes, then every 30 minutes 
for 6 hours, and finally every hour for 16 hours. If blood pres-
sure levels are in the ranges of 180 to 230 mmHg systolic or 
105 to 120 mmHg diastolic, it is appropriate to administer labet-
alol 10 mg IV over 1 to 2 minutes. This may be repeated every 
10 to 20 minutes to a maximum dose of 300 mg. If blood pres-
sure is not controlled, sodium nitroprusside should be consid-
ered32,116 (Table 31-5).

Anticoagulation and Antiplatelet Therapy
Intravenous anticoagulation therapy is widely used, even though 
there are no data confirming its benefit. It is unknown whether IV 
heparin prevents recurrent cardioembolic stroke in the subacute 
phase, and it is unlikely this therapy inhibits progression of stroke 
deficits. Current guidelines do not recommend IV anticoagulation 
for any stroke subgroup.117–122 Immobilized stroke patients who 
are not receiving anticoagulants (e.g., IV heparin, an oral antico-
agulant) may benefit from low-dose subcutaneous unfractionated 
(UFH) or low-molecular-weight heparin (LMWH), which reduces 
the risk of deep vein thrombosis (DVT).9 Multiple past studies of 
LMWH failed to show beneficial effects for AIS. Although trials of 

 anticoagulants in the treatment of AIS are ongoing, no data exist to 
support their use in AIS.9

Published guidelines for prevention of stroke in patients with 
ischemic stroke or transient ischemic attack (TIA) due to atrial 
fibrillation recommend anticoagulation with adjusted-dose warfa-
rin for secondary prevention (target international normalized ratio 
[INR] 2.5, range 2.0-3.0).116 Oral anticoagulation with warfarin is 
also recommended for patients with ischemic stroke due to AMI in 
whom left ventricular (LV) mural thrombus is identified, patients 
with dilated cardiomyopathy, and patients with valvular heart dis-
ease for secondary prevention.116

For patients with noncardioembolic ischemic stroke or TIA, 
including strokes caused by large-artery atherosclerosis, small pen-
etrating artery disease, and cryptogenic infarcts, antiplatelet agents 
rather than oral anticoagulation are recommended to reduce the 
risk of recurrent stroke and other cardiovascular events.

Direct thrombin inhibitors, such as dabigatran etexilate, have 
recently been evaluated. For stroke prevention in patients with 
atrial fibrillation, dabigatran 110 mg given twice daily was associ-
ated with rates of stroke and systemic embolism similar to those 
associated with warfarin but lower rates of hemorrhagic side 
effects. Dabigatran 150 mg twice daily, compared with warfarin, was 
associated with lower rates of stroke and systemic embolism but 
similar rates of major hemorrhage.123 However, even if drugs are 
proven superior to dose-adjusted warfarin, their benefits must be 
substantial (retaining high efficacy with added safety and conve-
nience) to offset their increased cost.124,125

Heparin or LMWH in AIS are associated with increased risk 
of bleeding complications and symptomatic hemorrhagic trans-
formation. Although antiplatelet agents were shown to be use-
ful for preventing recurrent stroke or stroke after TIA, their use 
should be regarded as a preventive measure, not an acute stroke 
treatment.26

The International Stroke Trial (IST) and Chinese Acute Stroke 
Trial (CAST) demonstrated modest benefit of aspirin in the set-
ting of AIS. CAST evaluated 21,106 patients and had a 4-week 
mortality reduction of 3.3% with aspirin, compared to 3.9% with 
placebo.126 A separate study, IST, also found that the combination 
of aspirin and LMWH did not significantly improve outcomes.127 
IST randomized 20,000 patients within 24 hours of stroke onset to 
treatment with aspirin 325 mg, subcutaneous heparin in two dif-
ferent dose regimens, aspirin with heparin, and a placebo. The 
study found that aspirin therapy reduced the risk of early stroke 
recurrence.127 The CAST and IST results suggest that the use of 

PATIENT BLOOD PRESSURE TREATMENT

Candidates for fibrinolysis Pretreatment:
SBP >185 mmHg or DBP >110 mmHg

Labetalol 10-20 mg IVP 1-2 doses
or
Enalapril 1.25 mg IVP

Posttreatment:
DBP >140 mmHg
SBP >230 mmHg or DBP 121-140 mmHg
SBP 180-230 mmHg or DBP 105-120 mmHg

Sodium nitroprusside (0.5 μg/kg/min)
Labetalol 10-20 mg IVP, and consider labetalol infusion at 1-2 mg/min  

or nicardipine 5 mg/h IV infusion and titrate
Labetalol 10 mg IVP, may repeat and double every 10 min up to  

maximum dose of 150 mg

Noncandidates for 
fibrinolysis

DBP >140 mmHg Sodium nitroprusside 0.5 μg/kg/min; may reduce approximately 
10%-20%

SBP >220 mmHg or DBP 121-140 mmHg or  
MAP >130 mmHg

Labetalol 10-20 mg IVP over 1-2 min; may repeat and double every 
10 min up to maximum dose of 150 mg

or
Nicardipine 5 mg/h IV infusion and titrate

  SBP >220 mmHg or DBP 105-120 mmHg or  
MAP <130 mmHg

Antihypertensive therapy indicated only if AMI, aortic dissection,  
severe CHF, or hypertensive encephalopathy present

TABLE 31-5 Blood Pressure Management in Patients with Stroke

AMI, acute myocardial infarction; CHF, congestive heart failure; DBP, diastolic blood pressure; IV, intravenous; IVP, IV push; MAP, mean arterial pressure; SBP, systolic blood pressure.
Adapted from Krieger D, Hacke W: The intensive care of the stroke patient. In Barnett HJ, Mohr JP, Stein BM, editors: Stroke: pathophysiology, diagnosis and management, ed 3, New York, 
1998, Churchill Livingstone; and Sacco RL, Adams R, Albers G, et al: Guidelines for prevention of stroke in patients with ischemic stroke or transient ischemic attack: a statement for healthcare 
 professionals from the American Heart Association/American Stroke Association Council on Stroke: co-sponsored by the Council on Cardiovascular Radiology and Intervention: the American 
Academy of Neurology affirms the value of this guideline. Stroke 37:577–617, 2006.
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aspirin started within 48 hours of stroke results in a 1% absolute 
reduction in risk of stroke and death over the first 2 weeks after 
stroke.128 Early aspirin therapy is therefore recommended within  
48 hours of the onset of symptoms, but should be delayed for at 
least 24 hours after rtPA administration. Aspirin should not be 
considered as an alternative to IV thrombolysis or other therapies 
aimed at improving outcomes after stroke.9

Other antiplatelet agents were evaluated for use in the acute 
phase of ischemic stroke. The platelet glycoprotein (GP) IIb/IIIa 
inhibitors were evaluated in the treatment of AIS because they 
may increase the rate of spontaneous recanalization and improve 
microvascular patency.129,130 In a preliminary pilot study, abcix-
imab was given within 6 hours to establish a safety profile. A trend 
toward improved outcome at 3 months for the treatment versus the 
 placebo group was noted.131 Treatment with abciximab showed a 
nonsignificant shift in favorable outcome as defined by mRS scores 
at 3 months, after adjustment for baseline severity of stroke, age, 
and interval from stroke.131,132 The Abciximab in Emergent Stroke 
Treatment Trial (AbESTT) was a randomized double-blinded pla-
cebo-controlled phase IIb study that involved 400 patients with AIS 
who were treated 3 to 6 hours after symptom onset.133 Results dem-
onstrated significant improvements in outcomes of abciximab-
treated patients, measured by mRS, Barthel Index, and NIHSS.134 
A subsequent phase III trial evaluating the safety and efficacy of 
abciximab in patients with AIS was halted because of an increased 
rate of bleeding and lack of efficacy.133

The use of ticlopidine, clopidogrel, or dipyridamole in the set-
ting of AIS has not been evaluated.135 Dipyridamole treatment fol-
lowing ischemic stroke or TIA was evaluated in 46 stroke units in 
Germany.136 Patients presenting with an NIHSS score of 20 or below 
were randomly assigned to receive aspirin 25 mg plus extended-
release dipyridamole 200 mg twice daily (early dipyridamole 
regimen) (n = 283), or aspirin monotherapy (100 mg once daily) 
for 7 days (n = 260). Therapy in either group was initiated within  
24 hours of stroke onset. After 2 weeks, all patients received aspirin 
plus dipyridamole for up to 90 days. At day 90, 154 (56%) patients 
in the early dipyridamole group and 133 (52%) in the aspirin 
plus later dipyridamole group had no or mild disability (P = 0.45).  
The authors concluded that early initiation of aspirin plus 
 extended-release dipyridamole is likely to be as safe and effec-
tive in preventing disability as later initiation after 7 days  following 
stroke onset. Further clinical trials are necessary. For  secondary 
stroke prevention, aspirin, clopidogrel, and extended-release 
 dipyridamole/aspirin have all shown efficacy and are recom-
mended by treatment guidelines.

Viscosity and Hemodilution
Acute ischemic stroke patients have a variety of abnormalities 
that may increase blood viscosity.108–110 Accordingly, hemodilution 
could improve CBF to hyperperfuse potentially viable brain tissue 
supplied by leptomeningeal collaterals in an attempt to salvage 
the ischemic penumbra.9,137–140 In all trials, and in the Multicenter 
Austrian Hemodilution Stroke Trial study in particular, hemodilu-
tion did not significantly reduce deaths within the first 4 weeks but 
did influence deaths within 3 to 6 months.141 Hemodilution also 
had no significant influence on death, dependency, or institutional-
ization/long-term care. In several trials, hemodilution was associ-
ated with a tendency toward reduction in deep venous thrombosis 
(DVT) and pulmonary embolism (PE) at 3 to 6 months. Despite 
volume expansion and hemodilution, the risk of significant car-
diac events did not increase.9 Maintenance of a normal circulat-
ing blood volume with regulation of metabolic parameters within 
physiological ranges is desirable.9

Secondary Prevention of Ischemic Stroke
Secondary stroke prevention includes measures that prevent 
stroke in patients with TIAs and treatments that prevent recur-
rent stroke in patients who have had an ischemic stroke. A TIA 

is defined as a transient episode of neurological dysfunction 
caused by focal ischemia, initially lasting up to 24 hours but now 
modified to 1 hour in duration.142 The overall risk for stroke after 
a TIA is approximately 10% over the subsequent 90 days, with the 
greatest risk within the first week after the event.143 Patients with 
a transient focal neurological deficit lasting less than 24 hours 
who have an ischemic lesion on DWI have higher risk for subse-
quent stroke than those who do not have this MRI abnormality, 
especially if they have evidence of vessel narrowing on MRA.144 
This substantial stroke risk with TIA is why TIA should be consid-
ered a medical emergency and requires urgent evaluation and 
treatment.145 The history, physical, and laboratory examinations 
should help exclude less frequent causes of transient focal neuro-
logical symptoms, such as pressure-related or positionally related 
peripheral nerve or nerve root compression, peripheral vestibu-
lopathy, and metabolic abnormalities (also see Chapter 30). The 
initial evaluation should also exclude other possible causes of 
focal neurological symptoms such as seizures, migraine auras, 
and syncope.146

Patients who have had a TIA should have an evaluation that 
includes basic blood work studies (e.g., electrolytes, glucose, 
complete blood cell count [CBC]), an electrocardiogram, brain 
imaging, and neurovascular imaging. Brain imaging can be per-
formed with either CT or MRI scans, although the latter is pref-
erable because DWI can detect abnormalities not seen on CT 
scans that can predict a higher risk of subsequent stroke. In 
the past, carotid ultrasound was the initial study employed 
to evaluate the carotid arteries. Currently, both CT and 
 contrast-enhanced MRA have distinct advantages over carotid 
ultrasound. Both of these imaging modalities can accurately 
image the vessels in the neck and brain, providing informa-
tion about the status of the vessels in both locations, as well as 
the presence of an occult aneurysm or vascular malformation. 
The accuracy of both CT and contrast-enhanced MRA allow for 
their use in planning a procedure such as carotid endarterec-
tomy (CEA) or stenting. In rare cases, digital subtraction angi-
ography (DSA) may be needed. If a cardiac source for the TIA 
is a consideration, echocardiography and electrocardiographic 
monitoring should be performed.

Treatment decisions should be made rapidly in TIA patients 
after information from the workup has been obtained. Evaluation 
and treatment of TIA patients can be performed in the hospital 
or an urgent-access outpatient clinic. Urgent-access TIA evalu-
ation clinics were shown to substantially reduce the incidence 
of subsequent stroke, and highlight the appropriateness of con-
sidering TIA a medical emergency.147 The basic consideration for 
deciding upon the treatment for a TIA patient is whether a proce-
dure such as CEA or carotid stenting is appropriate, or whether 
the patient should be treated with medical therapy alone (also 
see Chapters 32 and 33). Carotid artery procedures are not appro-
priate for patients with TIA symptoms in the posterior circula-
tion; such patients should receive appropriate medical therapy. 
For patients with anterior circulation TIA symptoms, the degree of 
carotid stenosis is the primary factor for deciding whether a pro-
cedure is needed. For symptomatic patients with greater than 70% 
stenosis of the proximal internal carotid artery (ICA), the North 
American Symptomatic Carotid Endarterectomy Trial (NASCET) 
demonstrated clear evidence that CEA was superior to medi-
cal therapy, and this procedure is recommended for most such 
patients.148 For patients with 50% to 70% carotid artery stenosis, an 
extension of this trial demonstrated significant benefit of CEA for 
men but not for women overall, likely related to the lower subse-
quent stroke risk in women.149 In women with 50% to 70% steno-
sis and a TIA, high-risk subgroups were shown to have significant 
benefit. Patients with less than 50% stenosis were not shown to 
benefit from CEA. In the NASCET trial, the degree of carotid artery 
stenosis was confirmed by DSA. Currently, this invasive procedure 
is performed infrequently, and decisions about the percent steno-
sis can be reliably made by computed tomographic angiography 
(CTA) or contrast MRA.
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Another procedure for treating carotid artery stenosis is 
carotid stenting. The benefits and side effects of carotid artery 
stenting and CEA were compared directly in the Carotid 
Revascularization Endarterectomy versus Stenting Trial (CREST). 
No significant difference between the two procedures on the 
primary outcome measure of stroke, death, or nonfatal MI was 
observed.150 However, the risk of periprocedural stroke was sig-
nificantly lower in the CEA group, and the risk of MI was signifi-
cantly lower in the stenting group. A relationship between age 
and the effects of treatment was observed, with patients younger 
than 65 years of age benefiting more from stenting, and those 
older than 65 doing better with CEA. The CREST trial included 
more asymptomatic patients with carotid stenosis than TIA 
patients, so generalizing the results to TIA patients is problem-
atic. In choosing which procedure to recommend to patients, the 
clinician must be aware of complication rates of the operators 
who will be doing the procedure. It is our practice to recom-
mend CEA to most patients and to reserve the use of stenting for 
high-risk patients, such as those with radiation-induced stenosis 
and after a failed prior CEA.

Risk factor modification and antiplatelet therapy for patients 
who have had a TIA or ischemic stroke is indicated. Underlying 
risk factors should be managed as in poststroke patients. Patients 
should be started on an antiplatelet agent; choices include  aspirin, 
clopidogrel, or extended-release dipyridamole/low-dose aspirin. 
Low-dose aspirin (50-81 mg) is usually recommended as the ini-
tial approach. In patients who have a TIA on aspirin, one of the 
other antiplatelet drugs may be substituted, or they may be used 
initially in high-risk patients with multiple vascular risk factors. The 
combination of extended-release dipyridamole/low-dose aspirin 
was shown to be superior to aspirin in two large clinical trials, but 
when this combination was compared to clopidogrel, no signifi-
cant difference in subsequent stroke outcome was observed.151,152 
The combination therapy group had a significantly greater risk for 
major bleeding side effects and drug discontinuation because of 
headaches. In addition, patients should be treated with statins to 
reduce low-density lipoprotein (LDL) cholesterol.116,153,154

The effect of risk factor modification in asymptomatic carotid 
disease has yet to be studied directly. The AHA/American Stroke 
Association guidelines for primary prevention of stroke suggest 
aggressive risk factor modification, as recommended for coronary 
heart disease (CHD), CHD risk equivalents, and diabetes mellitus.155

Antihypertensive therapy is also indicated to prevent recur-
rent stroke. A meta-analysis of 15,257 patients with previous 
stroke or TIA demonstrated that antihypertensive therapy with a 
variety of agents (β-adrenergic blockers, diuretics, angiotensin-
converting enzyme [ACE] inhibitors) resulted in a 24% reduc-
tion in recurrent stroke.156 In the Morbidity and Mortality After 
Stroke, Eprosartan Compared with Nitrendipine for Secondary 
Prevention (MOSES) study, 1405 subjects with a stroke or TIA 
and hypertension were randomized to the angiotensin recep-
tor blocker (ARB) eprosartan, or the calcium channel blocker 
nitrendipine. Despite similar reductions in blood pressure, total 
strokes and TIAs were reduced by 25% among those random-
ized to eprosartan. It should be noted that the reduction in TIAs 
accounted for most of the cerebrovascular benefit, with no signif-
icant difference in ischemic strokes noted.157 In the Perindopril 
Protection Against Recurrent Stroke (PROGRESS) Study of 6105 
subjects with a history of stroke or TIA, those randomized to per-
indopril had a significant reduction in recurrent stroke.158 In this 
trial, the thiazide diuretic indapamide could be used at the dis-
cretion of the treating physician. Patients treated with the com-
bination of perindopril and indapamide had the greatest stroke 
reduction (43%). Interestingly, in the Prevention Regimen for 
Effectively Avoiding Second Strokes (PRoFESS) study of 20,332 
patients with ischemic stroke, telmisartan did not significantly 
reduce the rate of stroke compared to placebo.159 The nega-
tive findings have been ascribed to aggressive antihypertensive 
management in the placebo group and a minimal difference in 
blood pressure between groups.

Until the advent of the statin era, the impact of lipids on cere-
brovascular disease was described as modest, with reductions in 
ischemic stroke offset by increases in hemorrhagic stroke with 
decreasing levels of LDL. In the Stroke Prevention by Aggressive 
Reduction in Cholesterol Levels (SPARCL) study, 4731 patients 
with stroke or TIA and LDL-C levels between 100 and 190 mg/dL 
were randomized to atorvastatin 80 mg or placebo.160 Over 5 years 
of follow-up, there was a 16% risk reduction of recurrent stroke. The 
trial was positive, despite only a 78% adherence to trial-allocated 
therapies by the end of the trial. In a post hoc analysis of SPARCL, 
patients with the greatest reduction in LDL also enjoyed the most 
impressive stroke reduction.153 Patients with a 50% or greater reduc-
tion in LDL saw a 31% reduction in stroke risk and a 33% decrease 
in ischemic stroke.

Primary Prevention of Ischemic Stroke
The management of patients with asymptomatic carotid steno-
sis is somewhat controversial. Two large earlier randomized tri-
als that compared CEA to medical therapy in patients with more 
than 60% stenosis demonstrated a significant reduction in stroke 
occurrence with CEA. The absolute risk reduction was only about 
1% per year.161,162 With the improvement in medical management 
of patients with asymptomatic carotid stenosis, it has been sug-
gested that in many cases the previously confirmed benefit for 
CEA may no longer be applicable.163 It may be possible to iden-
tify higher- and lower-risk asymptomatic carotid stenosis patients 
based on a more sophisticated ultrasound evaluation of plaque 
characteristics and/or the detection of intracranial emboli on a 
transcranial Doppler (TCD) ultrasound study.164 Based on results 
of the CREST trial, both CEA and carotid stenting could be con-
sidered if a procedure is deemed appropriate for an individual 
patient. The acceptable rate of periprocedural complications in 
asymptomatic patients undergoing a procedure is lower than for 
symptomatic patients because of the lower stroke risk in asymp-
tomatic patients.

Management of Primary Intracerebral 
Hemorrhage
Extravasation of blood into the brain occurs when blood vessels 
within the parenchyma rupture, leading to the development of 
ICH. Intracerebral hemorrhage can also occur with use of oral 
or IV anticoagulants and is then termed secondary to anticoagu-
lant use, although in many cases, blood vessel rupture is also 
the likely cause. Intracerebral hemorrhage accounts for 10% 
to 15% of the acute cerebrovascular events and is more com-
mon among Asians, African Americans, and Latin Americans 
than the U.S. Caucasian population.165 The pathophysiology of 
tissue injury is distinctly different than observed with ischemic 
stroke. The developing hematoma causes local cellular injury by 
direct mechanical effects, but may also secondarily induce cel-
lular injury by local effects on CBF, edema development, mito-
chondrial dysfunction, and neurotransmitter release.166 It is now 
well established that the majority of ICH patients experience 
hematoma enlargement during the first few hours after onset, 
and that ICH growth is associated with a poorer prognosis167 
(Fig. 31-4). Modern imaging with MRI or CT can readily identify 
the presence of ICH and distinguish this condition from isch-
emic stroke.168 In most ICH cases, either catheter angiography 
or MRA/CTA should be performed to look for the presence of 
an underlying arteriovenous malformation (AVM), aneurysm, or 
dural venous thrombosis.

Initial management of ICH includes airway assessment, 
blood pressure control, and treatment of elevated ICP if pres-
ent. ICH patients with moderate to severe deficits should be 
managed in an intensive care unit (ICU) or specialized stroke 
care unit. Patients with respiratory compromise or at high risk 
for aspiration will require intubation, and intubated patients 
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can more easily undergo induced hyperventilation, which may 
be useful in reducing elevated ICP.169 Hyperventilation can rap-
idly reduce elevated ICP but may also reduce CBF, potentially 
exacerbating perihematomal injury. Many ICH patients have 
elevated blood pressure initially, and this may be a factor asso-
ciated with hematoma expansion. The precise blood pressure 
target in ICH patients remains uncertain, but a 15% lowering 
of mean arterial pressure or a target of less than 160/90 mmHg 
may be reasonable based on recent guidelines. Many anti-
hypertensive agents are used169 (see Table 31-5). A recent 
modestly sized blood pressure–lowering trial suggested that 
aggressive treatment may be beneficial in reducing hematoma 
expansion but did not affect clinical outcome.170 The optimal 
approach for treating elevated ICP in ICH patients remains 
contentious. The osmotic agent mannitol is widely used in 
ICH patients, but clear evidence of efficacy remains lacking.171 
Mannitol may induce hypovolemia and a hyperosmotic state, 
so when it is used, serum osmolality should be monitored 
regularly and maintained in the range of 300 to 320 mOsm/
kg. Dexamethasone should be avoided because a trial dem-
onstrated an increased risk of infection.172 If the ICH patient is 
febrile, temperature should be lowered with parenteral acet-
aminophen to normothermia. It is unclear whether induction 
of hypothermia is beneficial. If clinical seizures occur, an anti-
convulsant should be initiated, but anticonvulsant prophy-
laxis should probably be avoided.169 Most ICH patients will be 
immobilized for a period of time and are at risk for developing 
DVT and PE. Intermittent pneumatic compression should be 
initiated at admission, and subcutaneous LMWH or UFH may 
be started several days later if the patient remains immobi-
lized.173 Gastric ulceration is common in ICH patients, and the 
prophylactic initiation of H2 blockers is warranted.

Approximately 20% of ICH patients are receiving an oral anti-
coagulant at the time of onset, and this cause of ICH is associated 
with a poorer prognosis than patients who are not receiving such 
treatment.174 Early reversal of the anticoagulant effect should be 
initiated, and several options are available. The standard approach 

to oral anticoagulation–related ICH is to give IV vitamin K and 
fresh frozen plasma. This treatment approach may take a long time 
to reverse the anticoagulant effect, and the large fluid load associ-
ated with the use of fresh frozen plasma may be problematic. Two 
newer approaches to the reversal of oral anticoagulation are pro-
thrombin complex concentrate and recombinant activated fac-
tor VII (rFVIIa). Both of these approaches can reverse the effects 
of oral anticoagulation more rapidly than vitamin K/fresh frozen 
plasma and appear to also reduce the rate of hematoma expan-
sion but may be associated with an increased risk for thrombo-
embolic events.175–177

No specific therapy directed at the underlying pathophysio logy 
of ICH-induced injury is available. Since the appreciation of the 
role of hematoma expansion as a predictor of worse outcome, 
treatment directed at reducing this mechanism of injury was pro-
posed. Recombinant FVIIa in nonanticoagulated ICH patients 
was tested in two clinical trials. In the phase II trial, three doses of 
rFVIIa (40, 80, or 160 μg/kg) or vehicle were given to ICH patients 
within 3 hours of onset.178 Hematoma expansion was reduced, 
as was mortality with rFVIIa. In a phase III trial that used 20 or 
80 μg/kg of rFVIIa compared to vehicle.179 Hematoma expansion 
was again reduced with both rFVIIa doses, but no clinical benefit 
was observed. The 80 μg/kg dose had an increased risk of throm-
botic events when compared to vehicle. A subsequent subgroup 
analysis suggested that patients younger than 70 with smaller ICH 
 volumes may benefit.

Surgical evacuation of the hematoma has an inherent appeal 
for the treatment of ICH, but aside from cerebellar hemorrhages, 
remains of unproven value.180 Many randomized trials comparing 
surgical evacuation of ICH to medical therapy were performed 
and failed to show benefit. Current treatment guidelines do not 
recommend routine surgical evacuation of the hematoma, but 
it should be considered early after onset for patients with lobar 
hemorrhages close to the surface who are in good neurological 
condition.180 Early surgical evacuation is recommended for larger 
cerebellar hemorrhages, especially if neurological deterioration 
occurs or hydrocephalus is developing.

FIGURE 31-4 Left, Acute intracerebral hemorrhage (ICH) in left occipital lobe on computed tomography (CT) scan. Right, Same hemorrhage on 
T1-weighted magnetic resonance imaging (MRI). (Courtesy Dr. Magdy Selim.)
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On May 6th, 2011, the U.S. Food and Drug Administration (FDA) 
followed up on the January 2011 recommendation of the FDA 
Circulatory System Device Panel1 and approved the RX Acculink 
carotid stent (Abbott Vascular, Santa Clara, Calif.) for use in con-
junction with Abbott's embolic protection device (EPD), the 
Accunet filter.  The expanded label as a result of the FDA's approval 
was for treatment of extracranial carotid stenosis in symptomatic 
and asymptomatic patients who would otherwise be considered 
standard risk for surgical carotid endarterectomy (CEA). This was a 
landmark event because for the first time, carotid stenting, at least 
in the United States, qualified as a standard-of-care treatment and 
was no longer investigational or experimental for the majority of 
patients with carotid artery disease. (Earlier in [2004], the FDA had 
approved carotid artery stenting [CAS] for high CEA risk patients). 
This chapter reviews historical aspects and development of CAS, 
discusses stenting technique in detail, and reviews clinical trial 
data that support current indications for this procedure.

Historical Perspective
Carotid Endarterectomy
Surgical treatment for carotid artery stenoses was introduced in 
the early 1950s.2 Although early observational data suggested ben-
efit for surgery over medical therapy, large prospective randomized 
trials investigating the beneficial effect of CEA on stroke reduction 
were not initiated until the late 1980s and early 1990s. Landmark 
studies including the North American Symptomatic Carotid 
Endarterectomy Trial (NASCET),3–6 European Carotid Surgery Trial 
(ECST),7 Asymptomatic Carotid Atherosclerosis Study (ACAS),8 
and Asymptomatic Carotid Surgery Trial (ACST)9 confirmed the 
benefits of surgery over best available medical treatment for reduc-
ing the risk of stroke in both symptomatic (NASCET, ECST) and 
asymptomatic patients (ACAS, ACST). Carotid endarterectomy sur-
gery is comprehensively discussed in Chapter 33.

Patients included in these surgical studies were carefully 
selected; specifically, subjects who were considered high CEA risk 
were excluded from participation. Thus, octogenarians, patients 
with recurrent stenosis following prior ipsilateral endarterectomy, 
intracranial stenosis that was more severe than the surgically 
accessible lesion in the neck, unstable angina pectoris, recent 
myocardial infarction (MI), contralateral CEA, patients on long-
term anticoagulation therapy, and surgically inaccessible lesions 
were all excluded from these trials.3,8

Endovascular Approaches to Treat Carotid 
Stenosis
The mission to develop safer percutaneous endovascular solu-
tions to treat arterial stenosis was pioneered by Dotter10 and 
Gruntzig and Hopff11 in the 1960s and 1970s. In 1977, Klaus Mathias, 
an interventional radiologist, described a catheter system that 
could be used for performing balloon angioplasty of cervical 
carotid stenosis,12 and this was followed by a few case reports 
of successful carotid angioplasty performed in the surgical 
suite.13,14 In 1984, Vitek and his neuroradiology colleagues from 
the University of Alabama at Birmingham (UAB)15 reported angio-
plasty of the innominate artery aided by balloon occlusion pro-
tection of the common carotid artery (CCA). This early report 
represents the first percutaneous intervention performed with 
the benefit of distal embolic protection. During the 1980s, clinical 
reports of carotid angioplasty were sporadic and limited to small 

 single-center series of patients.16 Kachel et al. summarized the 
results of carotid angioplasty published in the literature through 
1995 and noted that 503 of the 523 (96%) procedures were techni-
cally successful. There were no deaths, major strokes occurred in 
2.1%, and minor complications were in the single digits (6.3%).17 
In 1985, Rabkin and Germashev began using early-generation niti-
nol (an alloy of nickel and titanium) stents as an endovascular 
prosthesis and subsequently reported their 5-year experience.18

Resistance to widespread acceptance and the slow progress of 
angioplasty involving the supraaortic vessels was largely due to 
two major concerns: (1) local vessel injury related to balloon infla-
tion causing a flow-limiting dissection  with a risk of acute vessel 
closure (prestent era), and (2) the risk of distal embolization. In 
later years, these key limitations would be overcome by the intro-
duction and widespread adoption of stents and EPDs.

In March 1994, Iyer, Vitek, and Roubin initiated the carotid angio-
plasty program at UAB under carefully scrutinized institutional pro-
tocols.19 Initial interventions were performed using stand-alone 
balloon angioplasty (no stents). To maximize the luminal result, a 
long inflation was performed using a 5-mm over-the-wire balloon; 
the center port of this balloon could accommodate a 0.035-inch 
guidewire. Once the balloon was in place, the wire was withdrawn, 
and oxygenated arterial blood withdrawn from the femoral artery 
was infused through the center port of the balloon with the help of 
a special pump device, permitting a long 10-minute balloon infla-
tion. The first four patients were treated without complications. 
Patient #5, a woman with contralateral carotid occlusion, presented 
with a transient ischemic attack (TIA) related to a high-grade ste-
nosis in the index carotid artery and underwent an uncomplicated  
balloon angioplasty procedure. Despite a perfectly acceptable angio-
graphic result, approximately an hour after the procedure, there was 
acute closure of the angioplastied carotid artery. Although a tech-
nically successful, urgent reintervention with recanalization and 
stenting of the occluded vessel was performed, the patient did not 
recover from the major stroke related to the acute closure and subse-
quently expired. This case triggered the decision by the UAB group to 
perform elective carotid  stenting—irrespective of the angiographic 
results of balloon angioplasty—and primary stenting became the 
intervention of choice for treatment of cervical carotid stenosis. The 
subsequent rapid adoption of this approach by interventional cardi-
ologists in particular, and the endovascular interventional commu-
nity in general, heralded the modern era of endovascular treatment 
for extracranial carotid bifurcation disease.19–22

Although balloon expandable stents were used in the first 100 
patients, by the summer of 1995 (when the initial patients returned 
for their follow-up angiograms) it became clear that these stents 
were prone to deformation (stent crush) because of the superfi-
cial location of the carotid artery and the associated movements 
of the neck.23 The Alabama group were the first to report this 
complication, seen in approximately 15% of patients at 6-month  
follow-up.23 Fortunately, stent deformation was largely a cosmetic 
issue, with only one patient presenting with symptoms in this 
series. This observation, as well as the recognition that chances 
for regulatory approval for balloon expandable stents for treating 
extracranial carotid stenosis were slim, led to the rapid introduc-
tion, testing, and adoption of self-expanding stents. Stents have all 
but abolished acute carotid vessel closure, and in contemporary 
practice, primary carotid stenting is the norm. The reader should 
note that unlike in coronary arteries, the risk of acute stent throm-
bosis and instant restenosis, two major limitations of coronary 
stents, are nonissues when stents are deployed in the extracranial 
carotid location.
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In 1996, Theron et al.24 reported results from his seminal work 
using his triple coaxial catheter that incorporated distal balloon 
occlusion for providing embolic protection during carotid bifurca-
tion angioplasty. Unfortunately, this early-generation distal protec-
tion balloon could only be used with balloon angioplasty (and 
not with stents). By 2000, the first investigational distal balloon 
occlusion EPD, the Percusurge Guardwire (Medtronic, Minneapolis, 
Minn.) was introduced into clinical trials in the United States. 
This was soon followed by a number of clinical trials, all of which 
included a filter as the distal EPD. Unlike Theron's distal occlusion 
balloon, the Percusurge balloon—as well as all such filters—can 
be used with both over-the-wire and monorail stent delivery sys-
tems. As increasing clinical data became available, use of distal 
protection devices was recognized and accepted by many (but 
not all25) as an integral if not mandatory part of carotid artery dila-
tion and stenting.26–31 In our opinion, EPDs, when selected and used 
appropriately, improve procedure safety by significantly reducing 
the risk of procedure related embolic major and fatal strokes.

The multicenter Carotid and Vertebral Artery Transluminal 
Angioplasty Study (CAVATAS-I)9 was conducted between 1992 
and 1997 in the United Kingdom during an era when stents were 
neither widely available nor perceived as integral. This prospec-
tive randomized trial compared outcomes of balloon angioplasty 
and CEA in 504 patients; only 55 patients (26%) within the group 
assigned to endovascular treatment received stents. Initially, stents 
were used only as a bailout treatment, with increased elective use 
toward the end of the study; distal protection devices were not 
used. Major event rates within 30 days after treatment did not dif-
fer significantly between endovascular treatment and surgery: dis-
abling stroke or death (6.4% vs. 5.9%) and any major stroke lasting 
more than 7 days or death (10.0% vs. 9.9%). This study also dem-
onstrated that endovascular techniques were superior to surgery 
when considering other risks related to the incision in the neck 
and use of general anesthesia. Cranial nerve injury was reported 
in 8.7% of surgical patients; no events occurred in patients under-
going endovascular procedures (P < 0.0001). Major groin or neck 
hematomas occurred less often after endovascular treatment than 
after surgery (1.2% vs. 6.7%, P < 0.0015). The results of this early clin-
ical trial set the stage for investigation of carotid stenting.

Indications and Contraindications
The indications for carotid artery revascularization have been well 
delineated in the recent American Stroke Association/American 
College of Cardiology Foundation/American Heart Association 
(ASA/ACCF/AHA) et al. Guideline on the Management of Patients 
with Extracranial Carotid and Vertebral Artery Disease32 and essen-
tially depend on symptomatic status and severity (degree) of ste-
nosis. Hence, before an informed decision on a treatment option 
can be made (surgery or percutaneous intervention), it is critically 
important for patients and physicians to have a good understand-
ing of the operator as well as the center's procedural and 30-day 
experience and outcomes.

Symptomatic Patients
Symptomatic carotid stenosis refers to ischemia or infarction in 
the distribution of the internal carotid artery (ICA) causing neuro-
logical abnormalities that include but are not limited to contralat-
eral motor and/or sensory events, speech, and/or visual problems 
(monocular blindness, field defects). Amaurosis fugax refers to 
transient monocular visual loss, typically described by the patient 
as a shade being drawn down or across the eye (amaurosis, Greek 
for “darkening,” and fugax, Latin for “fleeting”). Dizziness and prob-
lems with balance are symptoms that typically result from isch-
emia or infarction in the vertebrobasilar system, and the presence 
of a carotid artery stenosis in a patient presenting with dizziness 
is almost always incidental i.e., the carotid stenosis is most often 
asymptomatic and NOT causally related to the symptoms. The cul-
prit stenosis is considered symptomatic for 6 months beyond the 

event. Additionally, the risk of recurrent stroke is lower in patients 
who present with amaurosis as the sole symptom in comparison to 
patients who present with a hemispheric TIA.

It is well accepted that revascularization should be offered to all 
symptomatic patients if the diameter of the ICA is reduced more 
than 70% as documented by noninvasive imaging, or more than 50% 
as documented by catheter angiography (Table 32-1). There is, how-
ever,  one important caveat: the periprocedural risk of stroke or death 
related to the revascularization procedure (CEA or CAS) should be 
under 6%.32 In symptomatic patients, there is a well- established cor-
relation between increasing stenosis severity and stroke risk. The 
NASCET study3 demonstrated the benefit of CEA over medical treat-
ment for reducing the risk of future stroke in symptomatic patients 
with carotid stenosis between 70% and 99%. The NASCET results also 
showed that symptomatic patients with a lesser degree of stenosis 
(between 50% and 70%) benefit less. Revascularization is typically 
recommended in this group if there are additional unfavorable angi-
ographic features (e.g., ulceration or other features associated with 
increased risk of vessel-to-vessel embolization).

An important, albeit controversial and unsettled, issue in the 
treatment of symptomatic patients relates to the timing of the revas-
cularization procedure after the index symptomatic event.33–37  
Risk of a recurrent neurological event after a TIA or stroke is esti-
mated to be between 15% and 20%, and this elevated risk persists 
for approximately 6 months after the initial event and underlies 
the rationale for  the 6-month threshold for defining symptomatic 
patients. Proponents of early intervention i.e., within a few days of 
the symptomatic event. Argue that the highest risk of a recurrent 
event is during this early period and any delay in treatment will 
significantly diminish its therapeutic value, since a substantial por-
tion of these patients would have already experienced a neuro-
logical event during the waiting period. A key reason underlying 
the reluctance of operators to perform revascularization (CEA or 
CAS) soon after a stroke (less so after a TIA) is the concern that 

INDICATION 
LEVEL

SYMPTOMATIC 
STENOSIS*

ASYMPTOMATIC 
STENOSIS*

Proven 70%-99% stenosis >80% stenosis

Periprocedural  
complication risk <6%

Periprocedural  
complication risk <3%

Life expectancy >5 years

Acceptable 50%-69% stenosis >60% stenosis

Periprocedural  
complication risk <3%

Periprocedural  
complication risk <3%

Planned CABG

Unacceptable <49% stenosis or <60% stenosis or

Periprocedural  
complication risk >6%

Periprocedural  
complication risk >5%

TABLE 32-1  Modified American Heart Association 
Recommendations for Carotid Artery 
Revascularization

*Lesion severity is determined according to the North American Symptomatic Carotid 
Endarterectomy Trial (NASCET) methodology (i.e., the ratio between lumen diameter at the 
point of maximal stenosis and the lumen diameter of the non tapered segment of the distal 
internal carotid artery).153

Modified from Brott TG, Halperin JL, Abbara S, et al: ASA/ACCF/AHA/AANN/AANS/ACR/ASNR/
CNS/SAIP/SCAI/SIR/SNIS/SVM/SVS guideline on the management of patients with extracranial 
carotid and vertebral artery disease: executive summary. A Report of the American College 
of Cardiology Foundation/American Heart Association Task Force on Practice Guidelines, and 
the American Stroke Association, American Association of Neuroscience Nurses, American 
Association of Neurological Surgeons, American College of Radiology, American Society of 
Neuroradiology, Congress of Neurological Surgeons, Society of Atherosclerosis Imaging and 
Prevention, Society for Cardiovascular Angiography and Interventions, Society of Interventional 
Radiology, Society of NeuroInterventional Surgery, Society for Vascular Medicine, and Society 
for Vascular Surgery, developed in collaboration with the American Academy of Neurology and 
Society of Cardiovascular Computed Tomography. J Am Coll Cardiol 57:1002–1044, 2011; and 
Roubin GS, Iyer S, Halkin A, et al. Realizing the potential of carotid artery stenting: proposed 
paradigms for patient selection and procedural technique. Circulation 113:2021–2030, 2006.

CABG, coronary artery bypass graft surgery.
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early  treatment increases the risk of hemorrhagic transformation of 
the culprit,  (nonhemorrhagic) infarct. Although the increased risk 
of intracranial hemorrhage following early intervention has been 
challenged,33 a recent retrospective analysis38 of a large national 
inpatient database involving more than 57 million in-hospital 
admissions, conducted to determine the prevalence and risk fac-
tors of intracranial hemorrhage among patients undergoing CEA 
(N = 215,012) and CAS (N = 13,884), arrived at a different conclu-
sion. Symptomatic presentations represented the minority of indi-
cations for CEA (n = 10,049 [5%]), as well as CAS (n = 1251 [10%]). 
Intracranial hemorrhage occurred significantly more frequently 
after CAS than CEA in both symptomatic (4.4% vs. 0.8%; P <0.0001) 
and asymptomatic presentations (0.5% vs. 0.06%; P <0.0001). 
Multivariate regression suggested that symptomatic presentations 
(vs. asymptomatic) and CAS procedures (vs. CEA) were both inde-
pendently predictive of six- to sevenfold increases in the frequency 
of postoperative intracranial hemorrhage. The observations from 
this retrospective population-based analysis are at variance with 
observations from recent large prospective randomized  trials 
involving symptomatic and asymptomatic patients, wherein the risk 
of mortality and major stroke was uniformly low in both CEA and  
CAS arms, and the higher incidence of neurological events in the 
CAS arm was a result of minor strokes (ischemic rather than hem-
orrhagic).39–41 Pending resolution of this issue by future studies, 
the current approach of waiting a minimum of 3 weeks following 
the index event (longer for larger strokes) is likely to continue.

Asymptomatic Patients
Asymptomatic carotid disease refers to the presence of a stenosis 
resulting in a 60% or greater reduction of the luminal diameter of 
the extracranial ICA without symptoms of ipsilateral stroke,  TIA, or 
amaurosis fugax. Treatment of patients with asymptomatic carotid 
artery stenosis has become extremely controversial, with two main 
issues fuelling this ongoing debate42–44:

1. Which asymptomatic patients (if any) are appropriate for 
intervention (CEA or CAS)? Current guidelines suggest that 
it is reasonable to refer asymptomatic patients for ICA revas-
cularization in the setting of more than 80% stenosis and low 
periprocedural risk.32

2. What should be the choice of treatment? In the event revas-
cularization is to be performed in an asymptomatic patient, 
should the patient be referred for CEA or CAS?

MEDICAL TREATMENT VS. INTERVENTION (CEA/CAS) 
FOR ASYMPTOMATIC CAROTID DISEASE

Despite publication of several guidelines that provide a best assess-
ment of current research, considerable divergence of opinion 
regarding care of the carotid artery remains an issue among physi-
cians worldwide.45 One reason why enthusiasm for revasculariza-
tion may be low is recognition that the annualized risk of a stroke 
in patients with asymptomatic carotid artery disease treated with 
contemporary medical treatment is low and dropping (Table 32-2). 
This reduction in stroke risk has been attributed to the benefits 
of risk-factor modification, use of antihypertensive medications,46 
antiplatelet agents,47 smoking cessation, and statin therapy.48,49

The guidelines respond to this concern by limiting revascular-
ization to those asymptomatic patients in whom periprocedural 

risk of a stroke or death is expected to be below 3%.32 Hence, some 
clinicians argue that there is an urgent need for a new three-arm 
randomized clinical trial for asymptomatic carotid disease that 
includes not only CEA and CAS but also has a medical treatment arm.  
A critical message from the asymptomatic CEA trials was that for 
surgical revascularization to be beneficial in reducing future stroke 
risk in asymptomatic patients (Table 32-3), the periprocedural risk 
of revascularization should not exceed 3%. If the risk breaches the 
3% threshold, the difference in stroke risk between the medically 
treated arm and the surgical arm will not be significant (i.e., the 
benefit of stroke reduction from the surgery no longer accrues to 
the patient). The second Carotid Revascularization Endarterectomy 
versus Stenting Trial (CREST II) will be a three-arm study involving 
asymptomatic patients, and this protocol is currently under review 
for funding by the National Institutes of Health (NIH).

IDENTIFYING THE ASYMPTOMATIC PATIENT AT HIGH 
RISK FOR DEVELOPING A STROKE

Much of the controversy surrounding treatment of asymp-
tomatic carotid stenosis could be resolved if physicians had 
a method of reliably identifying the asymptomatic patient at 
high risk for a future stroke; interventional treatment could 
then be selectively directed at these patients. Understandably, 
such an approach would greatly improve the yield and cost- 
effectiveness of prophylactic invasive treatment with either 
CEA or CAS.50 Some of the metrics that have been proposed 
as predictors of increased risk of ipsilateral ischemic events 
in asymptomatic patients with carotid stenosis include higher 
grades of stenosis or substantial progression of carotid steno-
sis to a higher grade,51,52 unfavorable plaque characteristics and 
composition, including plaque ulceration and echolucency,53,54 
or verifying the presence or absence of microemboli by using 
transcranial Doppler.55–58 Other clinical and radiological mark-
ers for predicting an increased risk of stroke in asymptomatic 
patients include occult cerebral infarction on brain imaging 
studies,59 contralateral carotid  occlusion,60 or detection of intra-
plaque hemorrhage by magnetic resonance imaging (MRI).61 
Nicolaides et al.62 have suggested that combining clinical risk 
factors, such as diabetes and smoking, with high-risk ultrasound 
features (e.g., echolucent plaque) may help identify the high-
risk asymptomatic patient. These are listed in Table 32-4.

  Annualized Risk

STUDY YEAR ANY STROKE IPSILATERAL STROKE

ACAS8 1995 3.5% 2.2%

ACST151 2004 2.4% 1.1%

ACSRS154 2005 2.1% 1.7%

ASED55 2005 2.2% 1.0%

TABLE 32-2

  Annualized Stroke Risk in Asymptomatic 
Patients with Greater Than 50% Carotid 
Artery Stenosis Treated with Best Medical 
Therapy Available During Trial Period

ACAS, Asymptomatic Carotid Atherosclerosis Study; ACSRS, Asymptomatic Carotid Stenosis 
and Risk of Stroke; ACST, Asymptomatic Carotid Surgery Trial; ASED, Asymptomatic Stenosis 
Embolus Detection.

   Five-Year Stroke Risk

 
STUDY

 
N

 
YEAR

 
CEA

 
MEDICAL THERAPY

HAZARD RATIO 
(CEA VS. MEDICAL THERAPY)

ACAS8 1662 1995 5.1% 11% 0.46

ACST151 3120 2004 3.8% 11.0% 0.29

TABLE 32-3 Event Rates from the Two Major Randomized Carotid Surgical Trials in Asymptomatic Patients

ACAS, Asymptomatic Carotid Atherosclerosis Study; ACST, Asymptomatic Carotid Surgery Trial; CEA, carotid endarterectomy.
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Although one cannot dispute the clinical appeal and practical 
usefulness of being able to identify the asymptomatic patient at 
high risk for a stroke, none of the approaches outlined thus far have 
been validated to justify and provide clinically relevant recom-
mendations. Hence, at present, degree of carotid diameter steno-
sis severity remains the predominant basis for clinically deciding 
whether or not to treat patients with asymptomatic carotid stenosis.

In contemporary practice, most clinicians will (should) only 
treat an angiographically confirmed 80% or greater, unilateral, inci-
dentally discovered (i.e., diagnosed on routine duplex screening, 
following workup of a carotid bruit) asymptomatic carotid steno-
sis. Patients with stenosis less than 60% are managed medically, 
with periodic (usually annual) ultrasound surveillance to monitor 
stenosis progression. Although stenosis severity between 60% and 
80% is typically managed with conservative medical treatment, this 
recommendation may have to be altered based on individual cir-
cumstances. Some examples include:

l Contralateral carotid occlusion and a stenosis between 60% 
and 80% in the index carotid artery that also supplies the terri-
tory of occluded carotid artery via collaterals.

l Bilateral greater than 70% but less than 80% stenosis.
l Magnetic resonance imaging or computed tomography (CT) find-

ings of clinically silent (asymptomatic) prior ipsilateral stroke(s).
l Patients scheduled to undergo coronary artery bypass grafting 

(CABG) and/or valve surgery (especially if surgery will be per-
formed on-pump).

In the absence of an established reliable method of identify-
ing the asymptomatic patient with carotid stenosis at high risk for 
developing a future neurological event, the decision to treat is pre-
dominantly based on degree of stenosis, an approach supported 
by the large CEA clinical trials. The threshold for treating asymp-
tomatic carotid stenosis is 80% or greater stenosis confirmed by 
angio graphy (NASCET criteria), with corresponding elevated 
duplex velocities. Although standard risk-factor modification 
approaches should be implemented in all these patients, there is 
no convincing evidence to date that risk-modifying measures by 
themselves will reduce stroke risk in patients with severe degrees 
of stenosis that cannot be further improved with revascularization 
when the periprocedural risk is 3% or less. This nonnegotiable low 
tolerance for periprocedural complications constitutes what the 
authors have framed as the 3% Rule of Carotid Stenting.63 How to 
avoid breaching this rule is central to the theme of patient selec-
tion for carotid stenting. The critical all-important task of identi-
fying the standard-risk patient for carotid stenting (not CEA) is 
discussed later in the chapter.

Deciding on the type of intervention, CAS or CEA, is also dis-
cussed later.

Patient Selection for Carotid Stenting
Prior to recommending carotid stenting as a choice for therapeu-
tic intervention, it is important for both physician and patient to 
understand the natural history of the condition without interven-
tion, the procedure-related risks (which can immediately erode the 
benefits of a procedure done purely with the intent of future ben-
efit), and the clinical durability of the stenting procedure.

Procedure-Related Risks
Over the past decade, one of the most important advances in 
the field of carotid stenting relates to our understanding of what 
constitutes “high stent risk.” It is important to remember that 
CEA was first performed in the 1950s, and over the course of the 
next several years, surgeons identified both anatomical features 
and comorbidities that would increase the risk of endarterec-
tomy (high–CEA risk group). Furthermore, these high–CEA risk 
patients were excluded from participating in the major random-
ized CEA trials.

EVOLUTION IN OUR UNDERSTANDING OF THE CONCEPT 
OF HIGH STENT RISK

To help the interventionist decide whether stenting is an appro-
priate treatment for a particular patient (and lesion), it is impor-
tant for the operator to understand, recognize, and differentiate 
the standard-risk (Box 32-1) from the high-risk CAS patient. This 
determination, based on an individualized analysis, is the single 
most important element of the CAS risk stratification process and 
should be performed for every patient. The designation of high 
stent risk has evolved over time, and in retrospect was a critical 
component of the learning curve of the early adopters of the CAS 
treatment modality. Because the attributes that define high CEA 
risk (Box 32-2) are distinct from those that define high stent risk, 
a patient who is high risk for CEA does not automatically become 
suitable (i.e., standard risk) for CAS. The presence of high-risk fea-
tures for stenting was unrecognized during the early clinical trials 
and the criteria for inclusion in these trials only specified “high–
CEA risk patients,” thus permitting unbalanced comparisons of 
technique. Hence, the high event rates observed in early high–
CEA risk stent registries resulted in large part from the unwit-
ting inclusion of high stent risk patients. With the more recent 

CRITERIA AUTHOR(S)/REFERENCE

Anatomical
High-grade carotid stenosis  

with substantial progression
Bock,51 Hirt52

Contralateral carotid occlusion AbuRahma60

Plaque Characteristics
Plaque composition, ulceration,  

or echolucency
Nicolaides,53 Spence54

Intraplaque hemorrhage Altaf 61

Plaque composition and  
clinical risk factors

Nicolaides62

Imaging
Microembolization Abbott,55 Markus,56 Spence57,58

Occult cerebral infarction Norris59

TABLE 32-4
  Postulated Clinical/Investigative Features 

to Identify High Stroke Risk Patients with 
Asymptomatic Carotid Disease

Recognize the Ideal Patient for Carotid Stenting
■ Male or female patient, <75 years of age
■ Preserved brain function (no compromise of brain reserve)
■ Asymptomatic carotid bruit
■ good LV function, no aortic stenosis
■ Known coronary anatomy
■ normal renal function
■ duplex ultrasound PSV: 450 cm/s; EdV: 130 cm/s

Recognize Ideal Lesion and ICA Morphology  
for Carotid Stenting
■ Angle between the iCA and ECA is <90 degrees
■ Minimal vessel tortuosity (i.e., no carotid redundancy)
■ Minimal calcification
■ no ulceration or obvious filling defects
■ Stenosis severity and whether plaque is concentric or eccentric are less 

important, as long as flow is normal (i.e. TiMi iii)
■ Lesion located in a straight segment (as opposed to a bend) of the iCA
■ Artery cephalad to the stenosis is straight (minimal bends and vessel 

tortuosity)
■ iCA: 4-5 mm; CCA: 8-10 mm

Box 32-1  Standard Risk for Carotid Stenting:  
Patient and Lesion Characteristics

CCA, common carotid artery; ECA, external carotid artery; EdV, end-diastolic velocity; iCA, 
internal carotid artery; LV, left ventricular; PSV, peak systolic velocity; TiMi, Thrombolysis in 
Myocardial infarction.
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exclusion of high stent risk patients, a corresponding improve-
ment in procedural outcomes has been noted. For example, by 
2005 the concept of high stent risk was better established, and 
in the second half of the CREST study, many of these high-risk 
stent patients were generally excluded (since the CREST protocol 
written in the late 1990s did not specifically call out high stent 
risk exclusions).39 The Asymptomatic Carotid Trial (ACT-I), a trial 
that specifically excludes high stent risk patients, is in progress 
(NCT00106938).

STANDARD STENT RISK

Although carotid stenting outcomes are not influenced by gender, 
age is a very important determinant. The concept of brain reserve 
is akin to cardiac reserve—a patient with poor left ventricular (LV) 
function is more likely to manifest and experience complications 
related to a percutaneous coronary intervention (PCI) or CABG pro-
cedure. Similarly, a patient with compromised brain function (dimin-
ished brain reserve) is more likely to clinically manifest neurological 
events related to periprocedural embolization. Embolization is a uni-
versal occurrence with all CAS procedures and happens despite the 
use of EPDs. Patients with prior large strokes, multiple small strokes, or 
lacunar infarcts and those with dementia are examples of patients 
with compromised brain reserve. Dementia in particular is a prob-
lem. Despite  having a perfectly acceptable angiographic and clini-
cal result (i.e., no  procedure-related events) in the follow-up period, 
anecdotal reports suggest a marked deterioration in memory and 
other cognitive functions. The reason for this is unclear, but demen-
tia should be considered at least a relative contraindication for CAS.

Close attention should be paid to the end-diastolic ultrasound 
flow  velocity. If this value exceeds 100 cm/s (especially >120 cm/s), 
the angio graphic stenosis severity will exceed 80% (as defined by 
the NASCET criteria; Fig. 32-1) and will meet the treatment thresh-
old for treating asymptomatic lesions.

Figure 32-2 illustrates lesion and vessel features that are ideal 
for stenting using distal embolic protection. These features include:

l A narrow acute angle between the ICA and external carotid artery 
(ECA). The wider this bifurcation (i.e., the angle approaches  
90 degrees or is frankly obtuse), the greater the technical diffi-
culty in advancing a distal embolic protection filter device with 
a fixed-wire system (Fig. 32-3). The technical difficulty imparted 
by an open ICA/ECA angle is compounded if there is additional 
tortuosity in the ICA distal to the stenosis (Fig. 32-4).

l Minimal calcification and no ulceration. Some degree of cal-
cification is nearly ubiquitous in a diseased carotid bifurca-
tion, but heavy concentric calcification in association with a 
severe stenosis is a major problem. Although the demonstra-
tion of carotid calcification is straightforward and requires 
only fluoroscopy (Fig. 32-5), the distinction between deep 

Anatomical
Surgically inaccessible lesions above C-2 or below the level of the clavicle 
Contralateral carotid artery occlusion
Restenosis after a previous ipsilateral CEA
Previous head/neck radiation therapy or surgery that included the area of 

stenosis
ipsilateral radical neck dissection for the treatment of cancer
obese/short neck
Fibromuscular dysplasia
Spinal immobility of the neck due to cervical arthritis
Presence of laryngeal palsy
Presence of a tracheostoma

Comorbidities
Chronic obstructive pulmonary disease (CoPd) with a forced expiratory 

volume (FEV) 1 less than 30%
Requirement for staged and scheduled coronary artery bypass graft (CABg) 

or valve replacement procedures more than 30 days following the stent 
procedure

Age 80 years or more
Recent myocardial infarction more than 72 hours and less than 30 days
Severe lung disease
Two or more major diseased coronary arteries that require revascularization 

(70% or more)

Box 32-2  Anatomical Features and Comorbidities 
Associated with High Carotid 
Endarterectomy Risk

CAd, coronary artery disease; CEA, carotid endarterectomy.

A B

FIGURE 32-1 Ideal lesion and vessel morphology for carotid 
stenting. Ideal lesion (A) has high-grade (>80%) internal carotid artery 
(ICA) stenosis (enddiastolic velocity 124 cm/s). Note that ICA/external 
carotid artery angle is acute, and the artery cephalad to stenosis is free 
of significant bends. B, Same lesion following carotid stenting using a 
distal embolic protection device (EPD [filter]).



391

CH 
32

C
A

R
o

T
id

 A
RT

ERy
 ST

En
T

in
g

FIGURE 32-2 This lesion is unsuitable for carotid artery stenting. The 
high grade of stenosis, 90-degree angle between the internal carotid artery and 
external carotid artery, and proximal calcification make passage of wires and 
equipment hazardous.

A B

FIGURE 32-3 These lesions are unsuitable for carotid artery stenting 
using a distal embolic protection device. This is due to the high degree of 
tortuosity of the internal carotid artery distal to the lesion, preventing safe and 
effective positioning of a filter device.

FIGURE 32-4 Extensive circumferential calcification of the internal 
carotid artery makes this lesion unsuitable for carotid artery stenting. 
Subtraction imaging without contrast shows calcification of both the internal 
carotid artery and external carotid artery.

FIGURE 32-5 This vessel demonstrates a string sign with high-grade 
stenosis and reduced cranial flow and internal carotid artery filling 
(arrow). Note the relatively complete filling of the external carotid artery vessels 
in comparison.
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vessel wall calcium and superficial calcium encroaching on 
the vessel lumen may be difficult, and the decision to declare 
the case unsuitable for CAS is largely subjective. We arbitrarily 
define heavy calcification as calcification 3 mm or more in 
width, with concentricity defined by imaging in two orthogo-
nal views. The unyielding nature of calcium, along with the 
stiffness it imparts to the involved vessel segment, makes it 
difficult to predilate and advance the EPD and stent delivery 
system through the lesion (especially the stent). Forcing these 
devices in an attempt to cross the stenosis not only increases 
the chances of prolapsing the sheath out of the CCA, it also 
increases the risk of embolization, spasm, and dissection. 
Inability to completely dilate and expand the deployed stent 
despite using larger and/or high-pressure balloons (resulting 
in a stent with an hourglass appearance) is an intraproce-
dural nightmare.

l The artery, especially cephalad to the stenosis, is free of any 
significant kinks or bends. Presence or absence of this key 
unfavorable feature is extremely important to note on prepro-
cedure magnetic resonance angiography (MRA), computed 
tomographic angiography (CTA), or invasive angiography, 
since it increases the degree of difficulty when attempting 
to place a distal filter EPD. Excessive vascular tortuosity is 
defined as two or more bend points that are 90 degrees or 
greater (see Fig. 32-4). At times the tortuosity can be extreme 
and may impart a hairpin bend to the ICA (see Fig. 32-4). 
Worsening grades of tortuosity increase the difficulty when 
attempting to cross the stenosis and may make device deliv-
ery difficult or impossible. Straightening of the tortuous vessel 
segment by stiff wires or devices may result in vessel spasm 
and reduced antegrade flow. Thus, despite filter placement, 
the patient does not receive the benefit of brisk antegrade 
flow and may manifest ischemic symptoms in the absence 
of adequate collaterals. Additionally, slow flow increases the 
risk of fibrin deposition within the filter. The longer the dwell 
time of the EPD, the higher the risk of an iatrogenic thrombus. 
Iatrogenic tortuosity can also be introduced by placement of 
the sheath in a redundant carotid artery, so tortuosity should 
be assessed after the sheath is in place below the carotid 
bifurcation.

Stenosis severity and eccentricity/concentricity are not prob-
lems as long as the flow in the vessel is normal (Thrombolysis in 
Myocardial Infarction [TIMI] grade III). A severe stenosis in asso-
ciation with less than TIMI III flow (string sign, Fig. 32-6) and an 
occluded artery are contraindications (Fig. 32-7) for CAS. Ulceration 
is often noted, even on angiograms from asymptomatic patients, 
and although not a contraindication, operators should be aware 
that the risk of embolization might be higher,  particularly during 
the phase of poststent balloon dilation. Angiographic  filling defects 
that are consistent with a thrombus are a contraindication to CAS 
(Fig. 32-8). Note that both calcium and thrombus may appear as fill-
ing defects, and the differentiation is based on the clinical presen-
tation. Whereas a filling defect in a symptomatic patient should be 
presumed to be thrombus (see Fig. 32-7), filling defects in asymp-
tomatic patients are frequently a result of calcium encroaching on 
the vessel lumen (Fig. 32-9).

As a rule, unfavorable anatomical features (Figs. 32-10 and 32-11; 
also see Figs. 32-3 through 32-9) should be considered contraindi-
cations for CAS. Although special techniques (e.g., use of a heavy-
gauge buddy wire to straighten tortuous vessel segments, use of 
cutting balloons to dilate unyielding lesions) may result in a sat-
isfactory angiographic outcome, the risk of a procedure-related 
neurological event should be presumed to breach the accepted 
periprocedural complication threshold.

Durability of Carotid Artery Stenting
Durability is defined by the ability to reduce the risk of a future 
stroke (the reason why these procedures are performed) and by 
the frequency of in-stent restenosis (discussed later in this chapter.)

FIGURE 32-6 An occluded carotid artery is an absolute contraindication 
to stenting.

FIGURE 32-7 Thrombus located in proximal internal carotid artery in 
a patient with symptomatic carotid artery disease. This is identified by the 
hazy appearance and is only visible following contrast injection.
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Procedural Considerations for Carotid 
Artery Stenting
Initial Evaluation
PATIENT INTERVIEW, CLINICAL EXAM, AND 
DIAGNOSTIC STUDIES

Except in rare instances, nearly all carotid revascularization proce-
dures are elective, and there is no justification for an ad hoc carotid 
procedure (e.g., combining a carotid intervention with another 
scheduled invasive procedure such as coronary angiography).  
A comprehensive history and physical examination, including a 
detailed neurological exam, are mandatory first steps when evalu-
ating a patient for a possible carotid intervention. Often, patients 
referred for treatment of “symptomatic” carotid artery stenosis have 
other reasons for their symptoms, including posterior circulation 
(vertebrobasilar) disease, cardiac arrhythmias, or a cardioembolic 
source (e.g., a patient with atrial fibrillation with a clot in the atrial 
appendage). These patients have incidental (i.e., asymptomatic) 
carotid disease; the risk assessment and approach to treatment of 
these patients are very different from the patient with true symp-
tomatic carotid artery stenosis. A formal neurological consultation 
and additional diagnostic imaging are often helpful in sorting out 
these patients.

Another frequently encountered problem relates to subopti-
mal images that result in unreliable noninvasive diagnostic studies 
(carotid duplex ultrasound and MRA). Whereas quality and reli-
ability of a duplex ultrasound study are very technician dependent, 
quality of the MRA study is influenced not only by the generation 
status of the equipment but also by the scanning protocol (with or 
without gadolinium), the correct timing sequence, and the skill and 
experience of the interpreting radiologist. It is critical that the ultra-
sound evaluation be performed in an Intersocietal Commission for 

FIGURE 32-8 This patient demonstrates eccentric calcification, which 
may at times closely resemble thrombus. Fluoroscopy without contrast 
injection will typically reveal calcification, as also shown in Figure 32-5.

A B

FIGURE 32-9 Unfavorable vessel morphology for carotid 
stenting. A, Unfavorable lesion. Note obtuse internal carotid artery/
external carotid artery (ICA/ECA) angle, high-grade eccentric stenosis 
immediately distal to bifurcation, and ulcer proximal to stenosis near 
carotid bulb. Vessel distal to stenosis is straight. B, Result can be 
seen after treatment using an Emboshield (Abbott Vascular, Santa 
Clara, Calif.) filter. Wire is independent of filter, and negotiating the 
unfavorable bifurcation and severe eccentric stenosis is far easier 
with a wire uncoupled from the filter element. Pre-predilation may 
be needed. Open-cell stent was used to treat the lesion on the bend; 
this stent design does not introduce any additional bends in ICA 
post stenting. Care should be taken to place proximal end of stent 
flush with origin of ICA. If it hangs between ICA origin and common 
carotid artery (CCA), stent edge can cause problems in advancing 
postdilatation balloon as well as filter retrieval catheter. Note that 
ulcer is excluded, not obliterated, and no attempt should be made to 
obliterate ulcer by using larger balloons. Flow to ulcer crater will seal 
off in time.
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the Accreditation Vascular Laboratories (ICAVL) certified labora-
tory. These considerations are especially important in the patient 
with asymptomatic carotid artery disease. We strongly recommend 
that a knowledgeable family member be present during the initial 
patient interview and subsequent interactions. Besides the science 
and rationale for the procedure, the discussion should also include 
regulatory approval and reimbursement status.

The goal of the clinical examination (history, physical including a 
neurological evaluation) and diagnostic testing (noninvasive as well as 
angiography) is to provide answers to the following questions/issues:

1. Is the patient symptomatic or asymptomatic?
2. If symptomatic, are symptoms referable to stenosis at the 

carotid bifurcation?
3. What is the severity of the stenosis (duplex ultrasound veloci-

ties, MRA, CTA, angiography, NASCET criteria)
4. Risk assessment:

l Is the patient suitable for CAS?
l Is the patient suitable for CEA?
l Overall recommendation: CAS, CEA or continued medical 

management?

Preprocedure Issues
Patients who consent to brachiocephalic angiography and pos-
sible stent placement should undergo a comprehensive clinical 
 cardiovascular evaluation to assess for presence of coronary artery 
disease(CAD), aortic stenosis, and LV dysfunction. The presence of 
these comorbidities will impact a patient's tolerance of the hemo-
dynamic effects of CAS. All patients should undergo evaluation of 
the preprocedure neurological status, and baseline NIH, Rankin, 
and Barthel Stroke Scales should be documented. All symptom-
atic patients, those with a prior history of stroke, and those with an 

A B

FIGURE 32-10 Unfavorable vessel morphology 
for carotid stenting. A, Complex lesion. There is 
an obtuse internal carotid artery/external carotid 
artery (ICA/ECA) angle as well extreme tortuosity of 
the ICA distal to the stenosis. Note the carotid stent 
in the contralateral carotid artery. B, Final result after 
carotid artery stenting. This lesion was treated using a 
Percusurge GuardWire (Medtronic, Minneapolis, Minn.) 
distal occlusion balloon for embolic protection and 
an open-cell stent. Distal filters are contraindicated. 
Proximal flow reversal is an option, provided the 
arch anatomy is favorable for placing larger French-
size catheters in the carotid artery. This type of vessel 
morphology will be technically challenging and should 
be a contraindication for the beginner and low- and 
medium-volume operators.

Type I aortic arch Type II aortic arch Type III aortic arch

FIGURE 32-11 Classification of the aortic arch. In the frontal projection, a horizontal line is drawn across the origin of the left subclavian artery. Type I: all the 
great vessels originate at same level and meet this line. Access to left carotid and innominate arteries is easiest with this aortic arch configuration. Type II and type III: 
as the aorta becomes more unfolded and elongated (a function of increasing age and hypertension), origin of great vessels becomes displaced more posteriorly, and 
on the frontal projection, origins are progressively dis placed inferior to the horizontal line referenced above. Access becomes increasingly difficult because a catheter 
approaching from the descending aorta tends to prolapse into the ascending aorta.
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abnormal neurological examination should have a CT or MRI scan 
of the brain to document baseline status.

Antiplatelet Agents and Anticoagulants
In the clinical protocol, great emphasis is placed on dual antiplate-
let therapy before and after carotid stenting. The non-event of stent 
thrombosis and the low rates of peri- and postprocedural embolic 
events are predicated upon administration of the correct doses of 
adjunctive antiplatelet therapy. All patients should receive aspirin, 
81 to 325 mg daily, and clopidogrel, 75 mg daily, prior to the pro-
cedure and for a minimum of 30 days after the procedure.32 If a 
patient has not received both aspirin and clopidogrel on a daily 
basis, we suggest they receive a 600-mg loading dose of clopido-
grel at least 4 hours prior to the procedure. If this is not possible, the 
procedure should be rescheduled. There is no experience using 
prasugrel in patients undergoing carotid stenting.

The approach to patients who are on chronic anticoagulation 
with warfarin should be individualized, with the acknowledgement 
that triple therapy with aspirin, clopidogrel, and warfarin increases 
the risk of bleeding. Discontinuing warfarin while the patient is on 
dual antiplatelet treatment may be acceptable in patients at low 
risk for systemic embolism. If the patient requires anticoagulant 
therapy because of a high risk of thromboembolism, such as a 
prosthetic mechanical valve, it is appropriate to discontinue war-
farin for approximately 4 days prior to the scheduled invasive pro-
cedure, “bridge” the patient with heparin if appropriate, and then 
restart warfarin on the evening of the carotid stent procedure. In 
patients requiring warfarin in the poststent period, dual antiplate-
let therapy should include 81 mg of aspirin together with 75 mg 
of clopidogrel. Dual antiplatelet medications maintained for 6 to 
8 weeks after carotid stenting is optimal.

Antihypertensive and β-Blocker Medication
Blood pressure and/or heart rate–lowering medications are typi-
cally withheld the day of the procedure to avoid excessive brady-
cardia and hypotension resulting from procedure-related carotid 
baroreceptor stimulation. Postprocedure, blood pressure and heart 
rate should be followed closely and medications reintroduced as 
soon as the clinical situation permits. In patients with restenosis 
following prior CEA (denervated carotid bulb) or in cases where 
the location of the stenosis is such that balloon inflations and 
stent deployment are clearly cephalad to the carotid bifurcation, 
there may be no need to discontinue these medications. In these 
patients, postprocedural blood pressure requires careful man-
agement to minimize the risk and/or consequences of cerebral 
 hyperperfusion syndrome (discussed later).

Technique of Carotid Stenting
The current technique of carotid angioplasty and stenting 
described here has been adopted (with minor modifications) by 
most high-volume carotid angioplasty centers. Angiography and 
stenting are performed under local anesthesia. Heart rate and 
rhythm, blood pressure, and neurological status should be closely 
monitored throughout the intervention.

Technical aspects of the procedure are discussed under the fol-
lowing headings:

l Vascular Access.
l Diagnostic Angiographic Evaluation.
l Carotid Sheath Placement.
l Embolic Protection Devices.
l Lesion Predilation.
l Stents.
l Postdilation.
l Final Angiographic Assessment.
l Embolic Protection Device and Sheath Removal and Access 

Site Hemostasis.
l Management of Hemodynamics.

Vascular Access
Femoral artery access is the preferred and recommended approach. 
Carotid interventions via brachial or radial artery approach have 
been described in patients with so-called hostile anatomy of the 
aortic arch. Direct percutaneous puncture of the carotid artery as a 
method of vascular access has, for the most part, been abandoned. 
The frequent need for general anesthesia, proximity of the access 
site to the site of the lesion, problems related to local hematoma 
including the risk of airway compromise, and difficulty in com-
pressing a superficial stented vessel for securing hemostasis are 
some of the reasons why direct carotid artery catheter insertion 
is no longer used. Femoral venous access is unnecessary unless a 
reliable peripheral venous access is unavailable. Routine prophy-
lactic placement of a temporary venous pacemaker is no longer 
recommended but should be readily available.

Diagnostic Angiographic Evaluation
It is mandatory to have a high-quality complete diagnostic cerebral 
and extracranial carotid angiogram prior to initiating the stenting 
procedure. Imaging of the aortic arch by angiography, MRA, or CTA 
may be helpful to define the arch type and anomalous origins of 
the vessels. The most common anomaly, seen in approximately 7% 
of patients, is independent origin of the left vertebral artery from 
the arch and origin of the left carotid artery from the innominate. 
Figure 32-12 shows classification of the aortic arch.

A complete cerebral angiogram requires anatomical definition 
of both intracranial and extracranial carotid arteries as well as the 
dominant vertebral artery. The decision to perform selective can-
nulation and angiography of the vertebral artery should be indi-
vidualized. The vertebral arteries frequently have a tortuous course, 
and the vessel is prone to spasm—features that predispose to dis-
section with catastrophic sequelae. It is important for the operator 
to understand the collateral circulation to the brain hemisphere 

FIGURE 32-12 Examples of commonly used catheters for cervico-
cerebral angiography: the double-curved Vitek and Simmons catheters, 
JR4, Berenstein and Headhunter catheter.
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of interest. Clear definition of the collateral circulation is espe-
cially important if a flow-arresting balloon occlusion–type EPD is 
being considered. Interrupting antegrade flow in the absence of 
good collateral circulation may cause the patient to have a seizure 
and require rapid premature deflation of the occlusion balloon. 
Interruption or even termination of the procedure under these cir-
cumstances increases the risk of periprocedural complications.

CATHETER SELECTION FOR DIAGNOSTIC ANGIOGRAPHY

A variety of catheters are available for diagnostic cerebral angio-
graphy, and selection is tied to operator familiarity and experi-
ence. Examples of diagnostic catheters are shown in Figure 32-13.  
It should be understood that catheters that require additional 
manipulations to reshape them within the ascending aorta increase 
the risk of embolization. Use of such catheters should be reserved 
for negotiating the difficult aortic arch anatomy (e.g., patients with 
extended, stiff, calcified aortas [see Fig. 32-12, type III arch]) when 
use of alternative preshaped catheters that require less manipula-
tion have either failed or are expected to fail.

Diagnostic angiography involves injection of 2 to 3 mL of non-
ionic contrast diluted with an equal amount of saline. Immediately 
prior to acquisition of the subtraction angiogram, patients are 
asked not to breathe, move, or swallow to minimize motion artifact. 
They are also warned that they may experience a funny taste and 
may see flashing or multicolored lights in the ipsilateral eye.

Diagnostic angiography consists of visualization of the origins of 
the innominate and left common carotid arteries from the aortic 
arch (by selective injections), both carotid bifurcations in orthogo-
nal projections, and both vertebral arteries (usually by nonselec-
tive injections). Intracranial images of both carotid arteries are 

routinely acquired, and occasionally selective injection of one or 
both vertebral arteries is also performed. Brachiocephalic angio-
graphy has several advantages:

1. It is a reliable, reproducible method for precisely measuring 
the degree of carotid artery stenosis (see Fig. 32-1).

2. It demonstrates anatomical conditions that can be unfavor-
able for carotid stenting. Examples include dilated/extended 
aortic arch (see Fig. 32-12), marked vessel tortuosity, heavily 
calcified stenosis, and lesions with obvious filling defects (see 
Figs. 32-3 through 32-11).

3. It helps define the status of collateral circulation to the ipsi-
lateral cerebral hemisphere (i.e., the one supplied by the ste-
notic carotid artery being evaluated for treatment). Knowledge 
of contralateral carotid stenosis or occlusion and status of the 
collateral supply influences the stenting technique: shorter 
 balloon  inflations, for example, and choice of protection 
device—flow interrupting (occlusion balloon) vs. flow preserv-
ing (filter devices). The term isolated hemisphere describes the 
anatomical situation where the cerebral hemisphere of interest 
is entirely dependent on the ipsilateral ICA for its blood supply, 
owing to absence of the anterior and posterior communicating 
arteries.

4. It reliably demonstrates significant flow-limiting stenosis distal 
to the carotid bifurcation. Although the bifurcation stenosis may 
be treatable, the ultimate benefit of stroke reduction may not 
accrue to the patient because of additional cephalad disease.

5. In the event there is an intraprocedural neurological event, 
the postevent intracranial angiograms can be compared with 
the baseline preprocedure pictures.

The main risks of invasive cerebral angiography relate to the use 
of contrast and the possibility of a neurological event. The typi-
cal sequence of acquisition and the usual angiographic views are 
listed in Box 32-3.

Carotid Sheath Placement
Once the diagnostic study is completed, the ICA with the target ste-
nosis is identified, and there are no anatomical contraindications 
for stenting, a 90-cm long, 6 F sheath is advanced into the CCA using 
one of two techniques shown in Figure 32-14.

ECA
ICA

CCA

b

a

FIGURE 32-13 North American Symptomatic Carotid Endarterectomy 
Trial (NASCET) criteria for determining degree of carotid artery stenosis. 
Luminal diameter at site of greatest narrowing is recorded in three planes and 
used as the numerator (a). A reference diameter is taken across a plaque-
free section of internal carotid artery distal to stenosis (b) and is used as the 
denominator. A percentage stenosis is then calculated. (From North American 
Symptomatic Carotid Endarterectomy Trial. Methods, patient characteristics, and 
progress. Stroke 22:711–720, 1991.)

Left Subclavian Angiogram (PA View)
■ The ostium of the left vertebral artery is usually seen well in the frontal 

projection; if not, the RAo-cranial projection should be tried.
■ if a selective angiogram of the left vertebral artery is to be acquired, a 

roadmap to facilitate entry and selective placement of the catheter is 
recommended.

■ Selective or nonselective intracranial views of the vertebrobasilar system 
are acquired in the lateral and steep AP cranial views.

Selective Left Carotid Angiograms
■ The bifurcation is imaged in LAo 45-degree as well as lateral projections. 

if the bifurcation is “overrotated,” an AP caudal view usually separates the 
external and internal carotid arteries very well.

■ intracranial images of the left carotid artery are acquired in the lateral and 
AP cranial (15- to 30-degree) views.

Innominate Angiogram in the RAO Caudal View
■ Best for separating the carotid and the right subclavian arteries and 

hence very helpful for defining lesions involving the origin of the right 
subclavian artery.

Selective Right Carotid Angiograms
■ Bifurcation is imaged in the RAo 45-degree as well as lateral projections.
■ intracranial images of the right carotid artery are acquired in the lateral 

and AP cranial (15- to 30-degree) views.

Box 32-3  Overview of Carotid Angiography 
Acquisition Views

AP, anteroposterior; LAo, left anterior oblique; PA, posteroanterior; RAo, right anterior 
oblique.
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TWO-STEP OVER-THE-WIRE APPROACH

The two-step over-the-wire approach is suitable in cases where 
the 100-cm 5 F diagnostic catheter is already in place in the CCA 
below the carotid bifurcation. A small quantity of diluted contrast 
is injected to produce a map of the bifurcation and the ipsilateral 
ECA. Once the origin and course of the ECA are defined, the 0.038-
inch Glidewire (Boston Scientific, Watertown, Mass.) is reintroduced 
into the catheter and used to help direct the catheter into the ECA. 
The Glidewire is withdrawn and replaced with a 0.035-inch support 
wire, the catheter is withdrawn, and the sheath is advanced into the 
CCA over the exchange-length support wire, anchored as far distal 
as possible in the ECA. The main advantage of this approach is that 
the carotid artery need not be reengaged, reducing catheter mani-
pulation in the aortic arch.

ONE-STEP (TELESCOPING) APPROACH

If diagnostic angiography has been performed in an earlier pro-
cedure, the stenting procedure begins with placement of the 
sheath into the descending thoracic aorta a short distance below 
the origin of the left subclavian artery. After withdrawing the inner 
 dilator from the sheath, a 125-cm 5 F diagnostic catheter is inserted 
through the rotating valve of the Tuohy-Borst adaptor into the 6 F 
sheath. Using a 0.038-inch Glidewire and the catheter, the innomi-
nate or left CCA is engaged, and the catheter is then advanced into 
the carotid artery (road mapping is often helpful at this stage). The 
6 F sheath is advanced over the diagnostic catheter into the CCA. 
If advancement of the sheath encounters resistance, the catheter is 
exchanged for the inner dilator of the sheath and then advanced 
into the CCA. If additional support is required, the  0.038-inch 

ECA
ICA

ECA

A

B

ICA

ECA
ICA

ECA
ICA

FIGURE 32-14 Carotid sheath placement. A, In the two-step approach using a diagnostic catheter, a Glidewire (Boston Scientific, Watertown, Mass.) is inserted 
into external carotid artery (ECA). Catheter is advanced to the ECA, and the Glidewire exchanged for a support wire such as a Supra Core (Abbott Vascular, Santa Clara, 
Calif.) wire. Catheter is then removed, and sheath with introducer is advanced over support wire to common carotid artery (CCA). Finally the introducer and wire are 
removed. B, In the single-step or telescoping approach, sheath is placed in descending aorta. A catheter is used to place a Glidewire in the ECA, and the catheter is 
advanced to the CCA. Glidewire and catheter are fixed in place and the sheath advanced over the two. With sheath in place, Glidewire and catheter are then removed.
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Glidewire can be exchanged for stiffer 0.035- or 0.038-inch sup-
port guidewires. As soon as the sheath is placed into the arterial 
system, the patient is systemically anticoagulated with heparin  
(70 units/kg) to raise the activated clotting time (ACT) to between 
225 and 250 seconds. Since the usual procedure time from this 
point is 20 minutes, further heparin administration is rarely 
required. Larger doses of heparin may increase the risk of catastrophic 
 postperfusion hemorrhage. If bivalirudin is used, the standard 
bolus and infusion are a 0.75 mg/kg bolus and 1.75 mg/kg/h infu-
sion, respectively. Reduced doses should be used for patients with 
significant renal impairment.

ADVANTAGES OF THE COAXIAL SHEATH TECHNIQUE

The coaxial sheath technique has a number of advantages:
1. It permits continuous access to the CCA once the sheath is in 

the CCA below the bifurcation.
2. Once the sheath is placed in a suitable spot below the bifurcation 

of the CCA, unfavorable anatomy (elongated arch, tortuosity of 
the CCA) will not impact the technical success of the procedure.

3. When passing the guidewire through the stenosis is difficult 
(eccentric stenosis, ulcerations, ICA kinks and tortuosity, or 
angulated takeoff of the ICA) or in the event of a complica-
tion (dissection, intracranial embolism), the coaxial configu-
ration offers more support and allows easy introduction of 
other interventional tools.

4. The sheath carries a large-bore Tuohy-Borst adaptor that permits 
catheter or other device introduction with minimal blood loss 
and minimal risk of air trapping. The side arm allows intermittent 
or continuous flushing and contrast injection and also allows 
for continuous intraarterial (IA) blood pressure monitoring.

5. The integrated dilator provides a good fit and a smooth transi-
tion, features that facilitate advancement of the sheath in the 
two-step technique with minimal scraping of the plaque at 
the origin of the great vessels/aortic arch.

DISADVANTAGES OF THE COAXIAL SYSTEM (SHEATH  
OR GUIDING CATHETER)

There are also a few disadvantages to the coaxial system:
1. If the carotid artery is tortuous, placement of the sheath exag-

gerates existing kinks and redundancies, and the tortuosity, 
along with the carotid bifurcation, is frequently displaced 
cephalad. Although these disappear once the sheath is with-
drawn, these iatrogenic problems can increase the complex-
ity and technical difficulty of the stenting procedure.

2. Rarely, dissection of the innominate artery or CCA may result 
following advancement of the sheath over the 5 F diagnostic 
catheter (telescoping technique).

3. There is always the possibility of embolization during sheath place-
ment, a part of the procedure that cannot be neuro protected.

SHEATH VS. GUIDE CATHETER

A guide catheter sits fairly low in the carotid artery, since it only 
engages the origin and first few centimeters of the carotid artery. 
Hence, use of a guide catheter is preferred if there is significant 
tortuosity of the proximal segment of the CCA because placement 
of the sheath across this tortuous segment (assuming it will be pos-
sible to traverse the entire CCA and straighten the tortuosity) will 
result in the redundancy being displaced cephalad, with obvious 
disadvantages.

IMAGING FOLLOWING SHEATH PLACEMENT

Once the sheath is in position, baseline angiograms are acquired 
using appropriately angled views to help display the maximum 
severity of the stenosis. Note that the optimal angulations for per-
forming the intervention need not be identical to the one needed 
for displaying the maximum severity of the stenosis. The working 
projection (i.e., the one used for the stenting procedure) should 
maximally separate the ICA and ECA and clearly display bony 
landmarks. The operator should have a clear idea about the ste-
nosis location in relation to the bony landmarks, recognizing that 
placement of the sheath can alter the relationship by displacing 
loops and bends in the carotid artery cephalad.

Embolic Protection Devices
Although not all steps of the carotid intervention can be “emboli 
protected” because placement of the sheath occurs prior to deploy-
ment of the EPD. It is important to recognize, however, that the risk 
of embolization is highest during stent deployment and balloon 
dilation.64

A number of EPDs are available and can be broadly divided 
into flow-interrupting (occlusive) and flow-preserving (non-
occlusive) devices (Fig. 32-15). Occlusion EPDs can be subdivided 
into distal occlusion and proximal occlusion types. An example of a 
flow-interrupting EPD that is deployed distal to the stenosis is the 
Percusurge GuardWire (Medtronic, Minneapolis, Minn.). Proximal 
occlusion devices include those developed by Gore (Flagstaff, 
Ariz.) and the MoMa device (Medtronic, Minneapolis, Minn.). 
Although flow-interrupting occlusive-type EPDs are intuitively 
appealing (no blood flow = no emboli), some issues with their use 
have arisen. For example, to permit occlusion and interruption of 
antegrade flow in the ipsilateral carotid artery, it is mandatory to 
demonstrate robust collateral circulation to the hemisphere being 
treated. Infrequent use of the GuardWire device, as well as occa-
sional device failure (inadequate balloon inflation and subop-
timal seal of the carotid artery and/or premature deflation), has 
resulted in virtual abandonment of this device for carotid inter-
vention. The rationale for use of proximal occlusion devices is 

ECA
ICA

Incorrect

Too close to
lesion

ECA
ICA

Incorrect

Placed on
ICA bend

ECA
ICA

Correct

Placed on straight
segment away

from lesion
FIGURE 32-15 Correct placement of embolic protection device. Device is deployed cephalad to stenosis in a straight segment of the internal carotid artery 
(ICA) to ensure all antegrade flow passes through, not around, the filter. It must also be sufficiently distal to lesion to enable stent deployment and expansion. Filters 
must not be placed on curves of the ICA.
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based not only on interruption of antegrade flow but also flow 
reversal in the ipsilateral ICA. This combination is achieved by bal-
loon occlusion of both the CCA and ECA. Although procedural 
outcomes using these devices are favorable,65,66 they are more in 
the category of a niche device, since the catheters are substan-
tially larger. They are particularly useful in cases with tortuous dis-
tal ICA anatomies or lesions with filling defects that may embolize 
during wire passage prior to deployment of the distal EPD.

The nonocclusive flow-preserving devices are the filters. Depen-
ding on construction, the filter body can be supported with a 
nitinol frame or be unsupported and resemble a windsock. The 
underlying principles and rationale for use are the same for all fil-
ter EPDs: preserving antegrade flow while preventing passage of 
embolic debris. As may be expected, each of these EPDs has cer-
tain unique features, and familiarity with their construction and 
attributes will allow judicious selection of the device most appro-
priate for use with a particular anatomy.

EMBOLIC PROTECTION DEVICE DEPLOYMENT

The device has to be placed approximately 2 cm cephalad to the 
stenosis to provide adequate space (the “landing zone” for the EPD) 
to accommodate the tip of the stent delivery system and allow satis-
factory coverage of the lesion with the stent (Fig. 32-16).

For severe subocclusive stenosis, “pre-predilation” using a low-
profile coronary angioplasty balloon (2 or 2.5 mm diameter) is 
very helpful. Although this type of dilation is not protected, the 
risk of this approach should be counterbalanced with the prob-
lems of trying to force an EPD through a very severe stenosis. The tip 
of the wire relative to the EPD should be angiographically visible 
throughout all steps of the procedure, and the operator should 
ensure that the wire and EPD are stable with minimal or no move-
ment, since excessive movement can lead to spasm and slow flow.

Lesion Predilation
Lesion predilation should be considered the default strategy because:

l Experimental studies using ex vivo models67 have demon-
strated that large amounts of embolic debris are released with 
primary stenting without predilation.

l Postdilation of the constricted stent can worsen the scissor-
ing effect of the stent wires on the plaque, increasing risk of 
embolization.

l Predilation facilitates smoother passage of the 5 F or 6 F self-
expanding stent delivery system.

l Without predilation, the operator may find it difficult to with-
draw the distal tip of the stent delivery system through the nar-
rowed constricted portion of the stent.

l The narrowed stent may present problems during balloon pas-
sage for stent postdilation.

Use of a 3 or 3.5 mm × 30 mm coronary balloon inflated to nom-
inal pressure is recommended for predilation. The markers on 
the ends of the 30-mm-long balloon help the operator select the 
length of the stent (30 or 40 mm). Predilation is generally brief, and 
gradual deflation is recommended. On rare occasion when treat-
ing a heavily calcified lesion, the stent may not pass easily through 
the stenosis, despite adequate predilation. In this setting, a larger 
4- or 5-mm balloon may be needed for additional predilations. 
Following predilation and immediately prior to stenting, an arterio-
gram is performed to once again establish the relationship of the 
stenosis to the bony landmarks.

Stents
To eliminate the risk of deformation and crushing23 seen with 
balloon expandable stents, self-expanding stents are exclusively 
used for carotid stenting, with the following notable exceptions:

1. When treating an aorto-ostial stenosis of the CCA.
2. When the stenosis and treatment involve the distal portion 

of the cervical carotid artery (close to the skull base). There 
is minimal risk of stent deformation of a balloon expandable 
stent deployed at this level, and advancing the bulkier 5 F or 
6 F  self-expanding stent delivery systems to the distal ICA can 
be technically difficult.

Although the Elgiloy (a cobalt chromium alloy) tracheobron-
chial Wallstent, (Boston Scientific, Natick, Mass.) was initially 
used, most operators currently use self-expanding nitinol stents. 
The Wallstent, an example of a closed-cell stent (see later dis-
cussion), fell out of favor largely because of its unpredictable 
foreshortening. This feature makes precise positioning of the 
stent very difficult. Despite structural and technical differences 
between the Elgiloy Wallstent and nitinol stents, there was no 
significant difference in carotid stenting outcomes using the 
Wallstent approved for use in the carotid circulation on the basis 
of the Boston Scientific EPI: A Carotid Stenting Trial for High-Risk 
Surgical Patients (BEACH) trial.68

FIGURE 32-16 Examples of 
embolic protection devices. 
Clockwise from Top Left, MoMa 
proximal occlusion device (Medtronic, 
Minneapolis, Minn.) and Gore flow-
reversal system (Gore, Flagstaff, Ariz.). 
Nonocclusive filters are the Accunet 
and Emboshield (both from Abbott 
Vascular, Santa Clara, Calif.).
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The unconstrained diameter of the self-expanding stent 
should be at least 1 or 2 mm larger than the largest-diameter 
segment intended to be covered by the stent, almost always the 
CCA. For example, our preference in most cases is to use an 
8- to 10-mm tapered stent; an 8-mm-diameter stent segment is 
deployed in the ICA, while the wider 10-mm end of the stent 
extends into the CCA. The stent is deployed slowly to minimize 
its tendency to jump forward. It is important to ensure that the 
caudal end of the stent is firmly anchored in the CCA. If not,  
the angulated proximal edge of the stent can cause difficulties 
in recrossing the stent with either the post-dilation balloon or 
the EPD retrieval sheath.

Tips in stent selection, deployment, and positioning include:
1. If the lesion is on a bend, an open-cell (Fig. 32-17A) stent 

design should be selected (instead of a closed-cell design). 
Open-cell stents conform to the bend in the artery; a more 
rigid closed-cell (Fig. 32-17B) stent straightens the bend. Since 
the carotid artery is fixed at the skull base (as well as at its 
origin from the aorta), kinks and bends in the artery, a con-

sequence of carotid redundancy resulting from elongation 
of the artery (seen with increasing frequency in the elderly 
hypertensive patient) cannot be eliminated by placing a stent 
in the kink. Instead, these kinks are displaced cephalad.

2. Deploying a closed-cell stent in a patient with significant tortu-
osity almost always results in a sharp angulation of the carotid 
artery immediately cephalad to the distal stent edge (Fig. 32-18). 
The stented portion of the artery appears as a straight segment.

3. An important technical point is to release the distal 3 to 5 mm 
of the stent and wait for the stent to expand fully and stabi-
lize against the vessel wall before releasing the remainder 
of the stent. Nitinol stents have a tendency to jump distally if 
released too fast.

4. In our technique, the caudal end of the stent rests in the CCA, 
so a tapered stent with a diameter of 10 mm is preferred. 
Rarely, the stent is placed exclusively in the ICA. In this case, a 
6- or 8-mm-diameter stent can be selected.

5. In almost all cases, the stent is placed across the bifurcation 
into the CCA and crosses the origin of the ECA. Covering the 

A B

FIGURE 32-17 Comparison of  
open- and closed-cell stent designs.  
Operators should have one of each 
type available and be familiar with its 
use, enabling the correct choice to be 
made in each individual case.

FIGURE 32-18 Angulation of cranial segment of internal carotid artery (ICA) due to catheter introduction and stent implantation. First panel 
demonstrates acute angulation of ICA distal to stenosis, with a 5 F diagnostic catheter in position. Introduction of a 6 F guide sheath further exacerbates this and 
induces a stenosis at the bend. Following stent implantation (open-cell) in third panel and almost complete withdrawal of sheath, stenosis and angulation significantly 
resolve. This lesion was not treated. Panel 4 shows same lesion at angiography 3 months later when patient returned for contralateral carotid artery stenting.
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origin of the ECA with a stent rarely causes a lasting clinical 
problem. The ECA can be re-canalized if it becomes signifi-
cantly stenosed or occluded after post-dilation of the stent, or 
if the patient is symptomatic (jaw or facial pain).

6. It is important to acquire an angiogram just prior to introduc-
ing the stent delivery system through the Touhey-Bourst adap-
tor. Stent deployment should be done using cervical spine 
bony landmarks as a guide (a road map can also be used 
to help guide stent deployment and positioning). Once the 
stent delivery system is in place across the carotid bifurca-
tion, additional dye injections to help guide stent positioning 
are contraindicated. This is an important safety consideration 
because injecting dye with the stent delivery system in place 
(prior to releasing the stent) has been associated with an 
approximately 15% incidence of air embolism.

7. A closed-cell stent design (see Fig. 32-17), because of its 
smaller free cell area, gives the maximal and best circumfer-
ential wall coverage and a visually compelling angiographic 
result. Further, in our experience involving more than 2000 
closed-cell nitinol stents, restenosis rates are very low. Some 
operators have proposed that the closed-cell structure can 
act as a barrier, preventing release of any additional embolic 
debris. Although open-cell stents (see Fig. 32-17) conform 
very well to the bends in the artery, there have been concerns 
that the stent struts projecting into the lumen of the artery 
may cause problems with recrossing the stent with the post-
dilation balloon an d/or EPD retrieval catheter. There are the-
oretical advantages and disadvantages to each of the two 
stent designs. Some have proposed that use of closed-cell 
stents may be associated with lower stroke and death rates 
when compared to stenting with open-cell designs.69,70 The 
issue is far from settled. Two recent publications showed no 
difference in either embolic load71 or long-term outcomes72 
based on stent design. Additionally, there were no differences 
in outcomes in two large postapproval studies. The second 
phase of the Carotid RX Acculink/RX Accunet Post-Approval 
Trial to Uncover Unanticipated or Rare Events (CAPTURE 2; 
n = 4175) used the Acculink stent, an open-cell design from 
Abbott Vascular, Santa Clara, California, and the Emboshield 
and Xact Post-Approval Carotid Stent Trial (EXACT; n = 2145) 
used Abbott Vascular's Xact stent, a closed-cell design.73

Post-dilation
The size of the post-dilation balloon is matched to the diameter of 
the ICA at the site of the stenosis. Typically, the self-expanding stent 
is post-dilated with a 5-mm, 0.014-inch wire-compatible balloon. On 
occasion, high-pressure balloons may be needed to postdilate a 
stent deployed within a heavily calcified stenosis.

Post-dilation of the stent is a critical step:
1. It is possibly the time when the greatest number of emboli are 

released, and consequently the patient is at the greatest risk of 
stroke. The embolic load can be minimized by:
l Using balloons that are no larger than 5.0 mm in diameter.
l Inflating the postdilation balloon to nominal pressures.
l Accepting a 10% to 20% residual stenosis. This degree of 

residual stenosis does not cause hemodynamic problems 
and does not impact the rate of restenosis. Self-expanding 
stents have a tendency for late progressive expansion.

l Performing a SINGLE post-implantion dilation.
2. It is safer to underdilate than overdilate a self-expanding stent. 

Overdilation with a high-pressure balloon has the potential to 
squeeze the atherosclerotic material through the stent mesh, 
increasing the risk of distal embolization.

3. In some cases, a residual ulcer that is opacified by contrast 
flow through the stent struts is seen. No attempt should be 
made to obliterate this ulcer by using larger balloons or 
higher pressures in an effort to fill the ulcer crater with the 
stent. This communication (with the ulcer via the stent struts) 
will seal off and is of no clinical consequence.

Final Angiographic Assessment
CERVICAL INTERNAL CAROTID ARTERY

Following stent post-dilation, final angiograms are required in  
the same projections that demonstrated the maximum severity  
of the lesion in both digitally subtracted and regular formats. 
Particular attention must be directed to the ICA immediately ceph-
alad to the stent and the site of the EPD placement. It is not unusual 
to encounter vessel spasm in this segment, particularly if the ICA 
is tortuous or there has been some movement of the distal EPD. A 
small dose of IA nitroglycerin should be judiciously used (as a con-
sequence of the stretch of the carotid baroreceptors, most patients 
would be relatively hypotensive, limiting the use of nitroglycerin; 
see also discussion on hyperperfusion hemorrhage). Pulling back 
the sheath to the CCA origin relaxes the artery, helps relieve the 
spasm, and enables the operator to more accurately assess the sta-
tus of the stented vessel. Distal linear edge dissections are unusual, 
and when present are short and for the most part inconsequential. 
Occasionally, such dissections may require treatment, and an addi-
tional stent may be necessary.

INTRACRANIAL VESSELS

Postprocedural intracranial angiograms are indicated if the patient 
has had any intraprocedural neurological deficit. Nearly all cur-
rent carotid stenting investigational protocols call for repeat intra-
cranial views, which should be acquired in the same projections 
as baseline.

Embolic Protection Device and Sheath Removal 
and Access Site Hemostasis
To be effective as an emboli trapping device, the size of the pores 
in the fabric of the filter have to be microns in diameter. Passage 
of blood through these small pores stimulates the deposition of 
fibrin within the filter, providing the perfect conditions for forma-
tion of a thrombus within the filter. The longer the dwell time, the 
greater the chances of formation of an iatrogenic thrombus. When 
using filter EPDs, it is important to minimize both the number of 
contrast injections and the in vivo dwell time; median time should 
not exceed 7 minutes, and consistent breach of this time limit 
is a quality concern. If the proximal edge of the stent is not well 
opposed to the wall of the CCA, either as a result of stent undersiz-
ing or improper positioning, it may be difficult to advance the EPD 
retrieval sheath (or postdilation balloons) through the stent. The 
best ways to overcome this difficulty are to (1) ask the patient to 
turn the head to one side or (2) advance the sheath into the stent.  
Some have recommended that only the proximal part of the  filter 
should be captured, since pulling the filter completely into the 
capture sheath may squeeze out the emboli. Following withdrawal 
of the EPD, the Tuohy-Bourst adaptor should be fully opened and 
allowed to bleed back generously in case particles and atheroma-
tous debris have been released into the guide catheter during with-
drawal of the EPD device.

At the completion of the procedure, the sheath should be gen-
tly pulled back and out of the carotid artery and exchanged for 
a short sheath, which can be removed when hemostasis can be 
safely achieved. The vagal response to manual sheath removal and 
compression can compound the baroreflex effect of carotid stent-
ing and lead to profound hypotension and bradycardia. In most 
patients, access-site hemostasis can be obtained using closure 
devices, although no improvement in outcomes has been demon-
strated.74 Finally, although low blood pressure is not unusual in the 
immediate postprocedure phase, other causes (e.g., retroperitoneal 
hemorrhage related to access-site bleeding) should be considered 
as reasons for unexplained persistent hypotension.

Patients are monitored in a telemetry bed overnight, and more 
than 95% will be ready for discharge approximately 24 hours fol-
lowing the procedure. All patients should have a postprocedural 
neurological exam and assessment of the NIH and Rankin Stroke 
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Scales. Once patients are able to ambulate without difficulty, they 
can be discharged with instructions to return for follow-up in 
4 weeks (Box 32-4).

Management of Hemodynamics
The carotid sinus baroreceptor, innervated by the glossopharyn-
geal nerve (cranial nerve IX), is located in the adventitia of the 
carotid artery and is activated by stretching of the blood vessel 
wall. The physiological role of this mechanoreceptor is to detect, 
respond, and regulate the systemic blood pressure. Stimulation of 
the carotid sinus baroreceptor (via stretching) stimulates the glos-
sopharyngeal nerve, which in turn stimulates the vasomotor cen-
ter in the medulla via the tractus solitarius, which then modulates 
the  activity of the autonomic nervous system (suppresses sympa-
thetic and stimulates parasympathetic output). The net effect of 
stimulation of the carotid baroreceptor is bradycardia (negative 
chronotropy), as well as some reduction in cardiac contractility. 
Additionally, the decreased sympathetic output results in vasodi-
lation, causing hypotension. As might be expected, carotid sinus 
stimulation and the resultant hemodynamic perturbations are 
most profound when the lesion and the stretch from the postdi-
lation balloon involve the carotid bifurcation, less so if the steno-
sis is cephalad to the bifurcation. These changes are not seen (or 
occur with much less intensity and frequency) in the postendar-
terectomy patient whose carotid bulb is denervated. The bradycar-
dia and hypotension can be profound and are worse in younger 
patients and when treating highly calcified stenosis (where higher 
pressures are used for postdilating the stent). In anticipation of 
these hemodynamic changes:

1. Antihypertensive drugs, such as β-blockers and diuretics, are 
withheld on the morning of the procedure. The opening sys-
tolic pressure (i.e., pressure at the beginning of the proce-
dure) may be elevated. Typically this is not treated; the first 
balloon inflation will reduce heart rate and blood pressure.

2. Ensure that the patient has adequate venous access for 
fluid administration. Prophylactic placement of a temporary 
venous pacer is no longer practiced.

3. All patients receive a prophylactic dose of atropine immedi-
ately prior to the predilation step.

4. Hypotension is primarily managed by hydration with 0.9% 
saline infusion. Patients with severe aortic stenosis and those 
with severe CAD do not tolerate hypotension and bradycar-
dia. We consider placement of a  temporary transvenous pace-
maker, and occasionally placement of an intraaortic balloon 

pump prior to the procedure in such cases. These can typically 
be removed at the conclusion of the procedure.

5. Pharmacological management of hypotension involves use 
of α-agonists like intravenous (IV) phenylephrine. If there has 
been significant reduction in blood pressure prior to the post-
dilation step, it is a good strategy to administer phenyleph-
rine prior to balloon dilation. This will temporarily elevate 
blood pressure, and hemodynamic issues will not prevent the 
operator from performing a single inflation with the balloon 
inflated to the appropriate pressure.

6. We do not advocate use of dopamine. Although blood pres-
sure will improve, there are also unwanted side effects of 
tachycardia and/or provocation of arrhythmias, which can be 
a problem in patients with underlying coronary artery disease.

Close attention should be paid to both intra- and post- procedure 
blood pressure management. The hemodynamic effect of the 
atropine and α-agonists used during the procedure is short-lived. 
In the postprocedure phase, hypotension with systolic blood pres-
sures as low as 70 to 80 mmHg is usually asymptomatic and may 
be managed expectantly. The systolic blood pressure will typi-
cally increase by 15 to 30 mmHg by next morning. Hypotension 
usually presents a problem in two settings: (1) patients with a 
periprocedural embolic event or a severe contralateral carotid 
stenosis can become symptomatic, and (2) patients with base-
line renal insufficiency may have worsening kidney function as 
a result of the combination of low blood pressure and contrast 
exposure.

The risk of hyperperfusion syndrome (discussed later) is 
increased if blood pressure remains elevated following dilation 
(e.g., in the post-endarterectomy patient with severe post-CEA 
restenosis).

Management of Neurological 
Complications
The neurological status of the patient should be monitored at fre-
quent intervals since every maneuver in the carotid artery has the 
potential to cause embolization. We ask the patient to squeeze a toy 
placed in the contralateral hand. Also, conversing with the patient 
and judging the speed and the appropriateness of the response to 
simple questions is very useful. Any departure from baseline status 
in an unsedated patient (including frequent yawning) are red flags 
indicating a possible neurological event (which at times can be 
very subtle).

The incidence of major stroke and any stroke in contempo-
rary stenting practice is low. Major and fatal ischemic strokes are 
thought to be prevented by EPDs. Transient ischemic attacks and 
minor strokes continue to occur and may be due to embolic par-
ticles that evade the filters or embolization that occurs during 
unprotected phases of the procedure.

If the patient develops a neurological deficit during the proce-
dure, the procedure should be completed, the EPD removed, and 
normal flow established. Patients should be hydrated with isotonic 
fluids, and adequate blood pressure should be maintained (both 
hypotension and relative dehydration worsen the effects of small 
emboli that otherwise may be clinically silent). At the conclusion 
of the procedure, the patient should be reassessed clinically, and 
intracranial angiograms should be repeated in views comparable 
to baseline projections. Angiograms may reveal:

1. Occlusion of a proximal vessel segment (e.g., M1 or M2 seg-
ment). Intervention is generally required, since these patients 
are unlikely to make a spontaneous recovery.

2. Distal occlusion of a single small branch—best managed 
with conservative measures.

3. Normal appearance, no loss of branches—good prognosis for 
full recovery of function.

4. Slow flow and/or appearance of emboli in multiple 
branches—prognosis is guarded, and chances for full 
 recovery are generally poor.

■ Ambulate as tolerated next day.
■ niH Stroke Scale before discharge.
■ Aspirin 325 mg Po daily for 1 month, then 81 mg Po indefinitely; 

clopidogrel 75 mg Po daily for a minimum of 4 weeks.
■ Clinical evaluation at 1 month, 6 months, 12 months, and yearly thereafter.
■ Carotid duplex ultrasound at 1 month, 6 months, 12 months, and yearly 

thereafter.
■ neurological evaluation at 1 month and 12 months.
■ MRi (e.g., of cervical spine) is not contraindicated, since the stent is 

nonferromagnetic. However, follow-up MRA to evaluate stent status is 
contraindicated because there will be a dropout in the image within the 
stented segment (suggesting stent occlusion) related to the Faraday cage 
effect.

■ Patients who have received radiation treatment to the neck for malignancy 
should be on lifelong dual antiplatelet therapy.

■ At discharge, decision to restart β-blockers, diuretics, and other 
antihypertensive medications is dictated by the hemodynamics. Almost 
all patients will be back on the preprocedure doses of these medications 
within a few days of discharge.

■ Maintain meticulous follow-up records and a database to enable tracking 
patient outcomes.

Box 32-4 Discharge Protocol

MRA, magnetic resonance angiography; MRi, magnetic resonance imaging; niH, national 
institutes of Health; Po, per os (orally).
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If a neurovascular rescue intervention is required, it usually will 
involve mechanical recanalization (wires, balloons, snares) in an 
attempt to reestablish flow in the affected segment. In general, use 
of additional pharmacological agents like IA tissue plasminogen 
activator (tPA) or glycoprotein (GP) IIb/IIIa antagonists are contra-
indicated because of the prohibitive risk of intracranial bleeding 
and its attendant high mortality.

Rarely, a patient may develop ipsilateral partial or complete 
loss of vision due to retinal infarction. Unless there is spontane-
ous recovery of vision soon after the event, the prognosis for full 
recovery of vision is poor, despite immediate decompression of 
intraophthalmic pressure and attempts to move the occluding 
embolus distally to minimize the extent of retinal infarction.

In contemporary practice of carotid stenting, the overall risk of 
a clinically significant intracerebral hemorrhage (ICH) is small—
around 0.5 to 1%. Chances of iatrogenic intracerebral bleeding can 
be minimized by using lower doses of anticoagulants during the 
procedure (ACT is maintained between 225 and 250 seconds), 
avoiding GP IIb/IIIa inhibitors, and careful wire control during the 
procedure.

Cerebral Hyperperfusion Syndrome
Cerebral hyperperfusion syndrome (CHS) is a rare but serious 
complication of carotid revascularization. Following successful 
carotid revascularization, there is an increase in ipsilateral blood 
flow to the affected cerebral hemisphere. Most often the patient 
remains asymptomatic75; however, in some patients this increase 
can overwhelm normal compensatory mechanisms, resulting in a 
marked increase in flow. Cerebral hyperperfusion is defined as an 
increase in blood flow of greater than 100% from baseline, and CHS 
is hyperperfusion associated with neurological deficit. Estimated 
incidence varies according to methodology and definitions, but 
most published studies report a rate less than 3%.76

The pathophysiology of CHS is not completely understood but is 
most likely due to a combination of factors. Patients with chronic 
cerebral hypoperfusion have maximal dilation of the intracranial 
arterioles, and normal autoregulation may not be restored for sev-
eral days or weeks following revascularization. Impaired autoreg-
ulation refers to failure of the brain at the microcirculatory level 
to modulate blood flow and blood pressure such that sudden 
increase in flow and pressure is not transmitted to small blood 
vessels. Rather, pressure and flow are maintained within a nar-
row range. Impaired autoregulation of small-vessel cerebral blood 
flow (CBF) has been implicated in CHS in experimental models. 
This is either due to endothelial dysfunction resulting from free 
radical accumulation,77 or neurogenic failure of smooth-muscle 
regulation.78 Failure of the normal baroreceptor reflex is another 
possibility, with uncompensated postprocedural hypertension con-
tributing to hyperperfusion.79 Impairment of the trigeminovascular 
reflex may also contribute because it plays a role in maintaining 
normal cerebrovascular tone.80 Hyperperfusion results in fluid 
entering the interstitial space and causing edema, predominantly 
in the posterior circulation.

Those with severe (>90%) subocclusive stenosis, with lim-
ited collateral supply (isolated hemisphere), are most at risk for 
hyperperfusion.81 Baseline severe hypertension and persistence 
of increased blood pressure in the postprocedure period (not 
uncommon in patients postendarterectomy) can result in hyper-
perfusion lasting several days following a procedure.81

The most common clinical symptom of cerebral hyperperfu-
sion is headache. Not uncommonly, patients report this symptom 
on the table soon after the procedure is completed. The headache 
may last a few days, is typically unilateral, and is associated with 
a nonfocal neurological exam. A more serious presentation, pos-
sibly related to cerebral edema, is seizure. Patients with CHS can 
present with a variety of neurological deficits, including isolated 
speech disturbance. In patients who develop neurological symp-
toms following carotid revascularization, other etiologies must be 
considered in the differential diagnosis. Differentiation must be 

made between procedure-related embolic complications with an 
ischemic infarct, manifestation of a low-flow state, and a high-flow 
state characteristic of CHS. The diagnosis of CHS is best confirmed 
with MRI.76

Treatment involves lowering blood pressure, reduction in cere-
bral edema, and anticonvulsant therapy. Because vasorelaxation 
may further increase cerebral blood flow, calcium antagonists and 
nitrates are contraindicated in the treatment of CHS. Hence, the 
operator must resist the urge to administer nitrates to relieve spasm 
(e.g., at the site of deployment of the EPD noted on the postpro-
cedure angiogram); it will resolve gradually with time. Although 
nitrates will rapidly resolve spasm, they can also predispose to 
development of hyperperfusion. Owing to their ability to reduce 
cerebral perfusion pressure, labetalol and clonidine76,82 are the 
preferred agents. Duration of therapy is not well defined; treat-
ment may be needed for several days or months post procedure.83 
There is insufficient evidence to support the treatment of cerebral 
edema, although corticosteroids and barbiturates have been used 
to good effect. Prophylactic anticonvulsant treatment is not recom-
mended but should be introduced if seizures occur.76

The relative infrequency of this condition and the heterogene-
ity of presentations make it hard to generalize outcomes following 
CHS. However, the limited data from the CEA literature suggest that 
a third of patients may remain disabled following CHS,84 with oth-
ers reporting mortality rates of up to 50%.85 Therefore, although rare, 
the diagnosis should be considered in all patients who develop 
neurological symptoms following carotid revascularization.

Results of Carotid Stenting without 
Embolic Protection
As was the case with other arterial percutaneous interventions, the 
evolution and availability of arterial stents transformed the pro-
cedure. By the early 1990s, prospective observational studies of 
carotid stenting had been initiated.21 From the outset, carotid stent-
ing performed by experienced operators produced acceptable 
outcomes in terms of disabling stroke and death. Nondisabling 
neurological events were evident and clustered in patients with 
advanced age, complex aortic arch and ICA anatomies, and severe 
ICA stenoses.22,86 Recognition of the importance of patient selec-
tion and continued refinement of the technique, largely made 
possible by the introduction of devices dedicated for use in the 
extracranial carotid arteries, helped improve outcomes by mini-
mizing neurological complications.

Numerous case reports and clinical series of carotid stenting 
without embolic protection have been published.20,22,87–93 An early 
report of 117 carotid stenting procedures by Diethrich et al.89 docu-
mented a 6.4% rate of periprocedural neurological events; most of 
these were transient ischemic events or minor strokes with even-
tual full recovery. A high rate of local adverse events was related 
to direct common carotid cervical access, a technique that has 
largely been abandoned.

Following this, there were several encouraging reports of out-
comes from other experienced centers.20,22,87,88,90,91 These were 
mixed series of symptomatic and asymptomatic patients with 
varying degrees of arterial stenosis. Asymptomatic patients were 
generally required to have more severe stenosis or additional 
 evidence of compromised cerebral circulation.19,22,89 Some reports 
included CCA lesions, which are not easily accessible by surgi-
cal techniques.22,89,94,95 These studies reported very high rates  
(>95%) of procedural and stenting success, with periprocedural 
minor stroke rates of 1.6% to 4.8% and major stroke/mortality rates 
between 1% and 1.5%.

Reviews of the status of carotid artery stent placement prior 
to the introduction of EPDs were published in 199896 and 2000.87 
These observational and unaudited data provided an overall per-
spective on the status of stenting at that time. Thirty-six centers par-
ticipated in the survey, which included 5210 stenting procedures. 
These documented a technical success rate of 98.4%. The 30-day 
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rates of TIAs, minor strokes, major strokes, and mortality were 
2.6%, 2.5%, 1.4%, and 0.8%, respectively.87 It was noted that tech-
nical failures were usually related to inability to access the CCA 
(2%-7% of patients), and prolonged procedural time was associ-
ated with increased morbidity.96 These results in a large series of 
patients at high surgical risk were encouraging; rates of adverse 
outcomes were comparable to standard CEA risk patients treated 
with surgery.

Results of Carotid Stenting Using  
Embolic Protection
Periprocedural neurological events related to embolization dur-
ing carotid arterial stent placement were not unexpected. In an 
effort to reduce the incidence of these adverse events, transcra-
nial Doppler studies were performed to investigate which stages 
of the procedure were responsible for microemboli. Few particles 
are released during sheath placement, with a modest number dur-
ing wire crossing and predilation. The majority of particles were 
found to be released from the atheromatous plaque during stent 
deployment and the postdilation procedure.64 The fragments con-
sisted of plaque debris, fibrin and platelet aggregates, lipid vacu-
oles, and calcium fragments.31,97 These findings provided the basis 
for development and routine use of embolic protection systems 
during carotid stenting.

Carotid Stenting in High-Risk Carotid 
Endarterectomy Patients
In 1998, the Stroke Council of the AHA published a series of rec-
ommendations relating to the performance of CEA in patients with 
extracranial bifurcation carotid artery stenosis.98 These recommen-
dations were based largely on the results of ECST,7 NASCET,3 and 
ACAS.80 These three large randomized clinical trials established the 
benefit of CEA over prevailing best medical treatment and have pro-
vided much of the evidence base for current treatment of carotid  
artery disease. The AHA Stroke Council recommended surgical revas-
cularization in symptomatic (prior symptoms of a nondisabling 
stroke or TIA) patients with more than 70% carotid stenosis, provided 
the perioperative risk of stroke and death is less than 6%. In patients 
with more than 60% stenosis without prior symptoms (asymptomatic 
group), the recommendation for revascularization is valid provided 
the perioperative risk of stroke and death is less than 3% and the 
patient has a life expectancy of at least 5 years.

To minimize potential confounding variables, such as conditions 
known to increase the risk of operative treatment, patients in the 
NASCET and ACAS studies were carefully selected, and those who 
were regarded as high surgical (CEA) risk were excluded. Box 32-5 
lists anatomical characteristics and comorbidities that were used 
to define high CEA risk. In the NASCET study, contralateral occlu-
sion was not excluded, and 30-day risk of stroke and death in 
this cohort was 9.4% (≈2.2 times the risk without this problem).6 
Excluding the SAPPHIRE study (see below), surgical outcomes 
in high–CEA risk patients have never been tested in a large multi-
center prospective trial with independent neurological assessment 
and event adjudication, rendering conclusions about benefit of the 
procedure in this population less clear.

During the initial investigation of CAS with embolic protection 
as a therapeutic alternative to CEA, the target population included 
patients who were high risk for CEA. These clinical trials were 
designed using a nonrandomized registry format. Since the FDA 
considers each carotid stent and embolic protection system as a 
unique device set, each with its own risk profile, as a condition 
of marketing (PMA) approval, every manufacturer was required 
to perform its own separate study. This regulatory requirement 
explains why so many “CEA high-risk registries”73,99–103 were formed, 
all of which enrolled the same target population (Table 32-5). 
The study design, study hypothesis, and statistical approach were 
largely similar for all the registries. The goal was to determine 
whether outcomes in high-risk surgical patients treated with the 
particular sponsor's stent in conjunction with its EPD was less than 
or equal to that of objective performance criteria (OPC) derived 
from historical controls undergoing surgical intervention with CEA.  
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ASYMPTOMATIC

SAPPHIRE 2002 Cordis Smart/Precise Angioguard NA 6.90% 71.2%

ARCHeR 2003 Abbott Acculink Accunet 2.90% 8.30% 76.2%

SECuRITY 2003 Abbott Xact Emboshield 3.00% 7.20% NA

BEACH 2003 Boston Wallstent Filterwire EZ 2.50% 5.40% 76.7%

MAVErIC 2004 Medtronic AVE GuardWire 3.00% 5.40% NA

CAPTURE 2006 Abbott Acculink Accunet 2.60% 6.10% 86.2%

EXACT 2007 Abbott Xact Emboshield 1.80% 4.60% 90.1%

EMPiRE 2008 Gore Not specified Gore Flow Reversal 1.60% 3.70% 68%

CAPTURE 2 2009 Abbott Acculink Accunet 1.40% 3.50% 86.9%

PROTECT 2009 Abbott Xact Emboshield 0.50% 2.30% NA

CHOICE Ongoing Abbott Xact/Acculink Emboshield/Accunet 1.80% 3.90% NA

TABLE 32-5 Published Outcomes from High Carotid Endarterectomy Risk Registries*

*The first of these began enrolling patients in 2000 and were largely completed by 2008.
MI, myocardial infarction, NA, not available.

Anatomical
Significant lesion cranial to the body of the second cervical vertebrae
Previous ipsilateral endarterectomy

Comorbidities
Age 80 years or older
History of renal, cardiac, or hepatic failure
Life expectancy less than 5 years

Box 32-5  Clinical and Anatomical Characteristics 
Used to Define Patients at High 
Endarterectomy Risk in the NASCET and 
ACAS Trials

ACAS, Asymptomatic Carotid Atherosclerosis Study; nASCET, north American 
Symptomatic Carotid Endarterectomy Trial.
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An OPC of 15% for patients with comorbidities and 11% for patients 
with anatomical risk factors was negotiated a priori and agreed to 
by the FDA.

The SAPPHIRE101 study was the only one that included a random-
ized arm (CAS vs. stent). This multicenter noninferiority randomized 
study was conducted in 29 centers across the United States, and 
results were published in 2004.101 The study enrolled symptomatic 
patients (≥50% stenosis on duplex ultrasound, 29% of the patient 
population) and asymptomatic patients (≥80% stenosis on duplex 
ultrasound), and the primary endpoint was defined as the cumula-
tive incidence of death, stroke, and MI within 30 days of treatment, or 
death and ipsilateral stroke between day 31 and 1 year from the time 
of the procedure. Although the inclusion criteria included high–CEA 
risk patients, prior to randomization, all members of the investiga-
tive team (neurologist, vascular or neurosurgeon, and interventional-
ist) had to agree that the patient was a suitable candidate for either 
endarterectomy or stenting. If the surgeon assessing the patient con-
cluded that endarterectomy could not be safely performed, but 
the interventional physician judged that stenting was feasible, the 
patient was not randomized, but instead was entered into a stent reg-
istry (n = 406). Likewise, if the surgeon deemed the patient suitable 
for surgery, but the interventional physician did not think stenting 
was feasible, the patient was entered into a surgical registry (n = 7).

Between August 2000 and July 2002, 747 patients were enrolled 
in the study, and 334 patients underwent randomization. Of the 167 
patients randomly assigned to stenting, 159 received the assigned 
treatment. Of the 167 patients assigned to surgery, 151 received 
the assigned treatment. All 334 patients were followed. Patients 
undergoing CAS received the nitinol self-expanding Precise stent 
and the AngioGuard filter-type EPD (Cordis/Johnson & Johnson, 
Bridgewater, N.J.). In early 2002, the pace of enrollment abruptly 
slowed because several carotid stent registries (nonrandomized) 
had become available. The trial was therefore terminated because 
of the decrease in enrollment, and the primary endpoint was ana-
lyzed with respect to the noninferiority of CAS compared with CEA, 
using interval-censored survival data at 1 year.

By intention-to-treat analysis, the primary endpoint at 1 year 
occurred in 20 CAS patients (12.2%) and 32 CEA patients (20.1%); 
P = 0.05. Cranial nerve injuries were seen in 5% of the patients 
undergoing CEA. The investigators concluded that carotid stenting 
with embolic protection was not inferior to CEA in a high surgi-
cal risk population. The durability of carotid stenting in this patient 
group (durability refers to the procedure's ability to prevent stroke, 
not the need for repeat intervention due to restenosis) has been 
supported by the 3-year follow-up data, which demonstrated that 
there was no significant difference in long-term outcomes between 
patients who underwent CAS using an EPD and those who under-
went endarterectomy.104

Post-approval Registries
As part of the condition for marketing approval of its devices 
(stents and EPDs), the sponsor, Abbott Vascular, agreed to perform 
FDA-mandated post-approval studies to assess the occurrence of 
rare and unanticipated device-related events. These post-approval 
studies have also provided an opportunity to assess the outcomes 
of carotid stenting in high–CEA risk patients in the non-trial set-
ting (real world). In 2009, Gray et al.73 reported the outcomes of 
two such prospective multicenter (280 U.S. sites, 672 operators) 
 post-market surveillance studies involving CAS with distal embolic 

protection using filters in high–CEA risk patients. These studies had 
pre- and postprocedure neurological evaluation and independent 
adjudication of neurological events. Results of these two studies, as 
well as the outcomes of an earlier large (n = 4225) post-approval 
study (CAPTURE),102 are summarized in Table 32-6.

In summary, key outcomes from the CAPTURE 2 and EXACT data 
sets73 are:

l 30-day death and stroke: 6.4% (95% confidence interval [CI], 
4.8%-8.4%) in the combined symptomatic population and 3.2% 
(95% CI, 2.8%-3.7%) for the combined asymptomatic population.

l 30-day death and major stroke: 1.5% (95% CI, 1.2%-1.8%) for 
the combined population and 2.6% (95% CI, 1.6%-4.0%) and 
1.3% (95% CI, 1.0%-1.6%) for the combined symptomatic 
and asymptomatic groups, respectively.

l In subjects with anatomical features unfavorable for surgery, 
independent of age:
l Symptomatic (n = 60): 30-day death and stroke rate was 1.7% 

(95% CI, 0.0%-8.9%; the single stroke was adjudicated as major).
l Asymptomatic (n = 371) 30-day death and stroke rate was 

2.7% (95% CI, 1.3%-4.9%; 78% of strokes were minor).
l In the cohort of patients identified with physiological factors 

unfavorable for surgery, the combined 30-day rate of death and 
stroke for 574 symptomatic patients was 6.4% (95% CI, 4.6%-
8.8%), and for the 4603 asymptomatic patients was 3.3% (95% 
CI, 2.8%-3.9%).

Operator Experience
In a recent publication, the CAPTURE 2 study investigators105 ana-
lyzed the carotid stenting outcomes of 3388 patients (represent-
ing 64% of the total number of patients) to determine whether 
physician or site-related variables affected outcomes of CAS. 
Symptomatic patients and patients older than 80 years of age (two 
known predictors of adverse outcomes) were excluded. During a 
3-year interval between March 2006 and January 2009, 459 opera-
tors treated the study population in 180 U.S. hospitals. The compos-
ite rates of death, stroke, and MI, and the composite rates of death 
and stroke at 30 days were 3.5% and 3.3%, respectively, for the full 
CAPTURE 2 study cohort and 2.9% and 2.7%, respectively, for the 
asymptomatic nonoctogenarian subgroup.

Two thirds of the sites (118 of 180 [66%]) had no death or stroke 
events. Within the remaining sites, an inverse relationship between 
adverse event rates and hospital patient volume as well as individual 
operator volume was observed. The death and stroke rates trended 
lower for interventional cardiologists compared with other specialties. 
Similar conclusions were drawn from a German registry analysis106 
and a recent meta-analysis of published studies.107 The CAPTURE 2 
study authors concluded that both site and operator volume were the 
most important determinants of perioperative events, and defined a 
threshold of 72 cases for consistently achieving a 30-day death and 
stroke rate of less than 3%. This 72 case number is higher than the 
entry threshold for operators participating in randomized trials like 
CREST or ACT I (Carotid Stenting vs. Surgery of Severe Carotid Artery 
Disease and Stroke Prevention in Asymptomatic Patients) trials.

Analysis and Critique
The analysis and critique that follows should be interpreted bear-
ing in mind the limitations imposed by subset analysis and small 
numbers of patients within these subsets.

STUDY ENROLLMENT N SYMPTOMATIC ASYMPTOMATIC STENT EMBOLIC PROTECTION DEVICE

CAPTURE102 2004-2006 3500 483 (14%) 3017 (86%) Acculink Accunet

CAPTURE 273 2006-enrolling 4175 548 (13%) 3627 (87%) Acculink Accunet

EXACT73 2005-2007 2145 213 (10%) 1931 (90%) Xact Emboshield

TABLE 32-6 Postapproval Surveillance Studies
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With the exception of SAPPHIRE, all other studies dealing with 
carotid stenting in high–CEA risk patients were registry studies. 
Despite the registry label, it should be noted that the high-risk CAS 
registries were performed under FDA-scrutinized clinical proto-
cols, with prospective data collection and event adjudication. The 
importance of prospective independent clinical review was dem-
onstrated by Rothwell and Warlow108 investigating adverse event 
rates following CEA. They found a threefold difference in neuro-
logical events between operator self-reported and independent 
neurologist-assessed events. Both NASCET and ACAS used such 
prospective independent evaluations.

Individually and collectively, a large number of patients, 
mainly asymptomatic, have been studied within the context of 
these registry trials and provide a robust data set for analysis 
of high–CEA risk patients undergoing carotid stenting in the 
United States. Cumulatively, a total of more than 10,000 patients 
were included and analyzed in the three postmarketing studies 
(90% asymptomatic), and analysis of the data has helped pro-
vide answers to important questions concerning carotid stent-
ing in a real-world setting.

Carotid stenting outcomes have shown a steady and continu-
ous improvement since the initial introduction of these devices 
in U.S. trials (Fig. 32-19). For example, compared with outcomes in 
the ARCHeR and the original CAPTURE registries, the combined 
results of the CAPTURE 2 and EXACT studies showed improvement 
(30-day death and stroke: 6.9% vs. 5.7% vs. 3.6%, respectively), and 
these improved outcomes meet AHA guidelines in the younger 
than 80 years age group. As will be discussed later, in the CREST 
study, the majority of neurological events were minor strokes, with 
substantial if not complete resolution of the neurological deficits 
during the follow-up period.

Several factors contributed to the improvement in the results 
of carotid stenting. First is recognition of the clinical features that 
define the high–stent risk patient. This was not appreciated at 
the time when these registry studies were initiated. As operators 
became more experienced, these high–stent risk patients were 
excluded from studies initiated later in the decade with corre-
sponding better outcomes.

Second, the pool of qualified experienced operators has 
expanded with time, with corresponding improvement in out-
comes. Moreover, there have been improvements in the devices. For 
example, the profile of the EPDs has become smaller, and a variety 
of nitinol stents specifically for use at the carotid bifurcation have 
been developed. Improvements in technology, along with minor 
adjustments in the procedure protocol (e.g.,  limiting post inflation 
to a single inflation), have likely contributed to improved outcomes.

As a result, CAS outcomes in non-octogenarian, high–surgical 
risk patients, both symptomatic and asymptomatic, are within the 
acceptable thresholds of AHA standards. Additionally, in patients 
deemed high CEA risk due to unfavorable anatomical features, the 
outcomes meet AHA guidelines in both symptomatic and asymp-
tomatic patients irrespective of age.

The higher event rates in the early (pre-2005) high risk CEA 
carotid stent registries (i.e., event rates that breached the AHA 
thresholds) is one likely explanation for lack of Centers for 
Medicare and Medicaid Services (CMS) reimbursement for asymp-
tomatic patients undergoing carotid stenting, despite FDA approval 
for this indication in 2004. The outcomes of the CAPTURE 2 and the 
EXACT post-marketing registries are compelling because at least 
in the non-octogenarian high–CEA risk population, both symp-
tomatic and asymptomatic (Table 32-7), the death and stroke out-
comes were within the AHA guidelines.

The octogenarian and older population continues to be a chal-
lenge, and the decision to recommend and perform carotid stent-
ing, especially in the asymptomatic patient older than 80 years of 
age, has to be individualized.

Carotid Stenting in Symptomatic 
Standard-Risk Patients
The introduction of CAS into clinical practice as an alternative to 
CEA has required the completion of randomized trials to evalu-
ate its efficacy and safety. In patients with symptomatic carotid 
disease, there are four completed large, multicenter random-
ized controlled trials. These include the Endarterectomy versus 
Angioplasty in Patients with Symptomatic Severe Carotid Stenosis 
(EVA-3 S) trial,41 the Stent-Supported Percutaneous Angioplasty 
of the Carotid Artery versus Endarterectomy (SPACE) trial,40 the 
International Carotid Stenting Study (ICSS),109 and CREST.39 Since 
the CREST study also included asymptomatic patients, it is dis-
cussed separately. Although the results from these individual trials 
remain a source of controversy, the results are broadly similar and 
have enabled the publication of guidelines by national societies.

EVA-3 S,41 a non-inferiority study, was conducted in 30 centers 
across France and recruited and randomized usual (standard-risk) 
CEA patients. These patients were within 120 days of either a TIA or 
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FIGURE 32-19 Published adverse event rates for carotid artery stent 
studies and registries over the past 10 years. Note progressive decline in 
events over time. The year in brackets is the time of last patient enrollment.

STUDY 30-DAY: STROKE + DEATH (OVERALL) 30-DAY: STROKE + DEATH (<80 YEARS) 30-DAY: STROKE + DEATH (≥80 YEARS)

CAPTURE Symptomatic 12.1%
Asymptomatic 5.4%

4.8% (combined)* 9.0% (combined)*

CAPTURE 2 Symptomatic 6.2%
Asymptomatic 3.0%

Symptomatic: 5.3%†

Asymptomatic: 2.9%†
Symptomatic: 10.5%†

Asymptomatic: 4.4%†

EXACT Symptomatic 7.0%
Asymptomatic 3.7%

TABLE 32-7 Postapproval Surveillance Studies Outcomes

*Data from CAPTURE were not analyzed specifically for age by symptomatic status.
†Data from CAPTURE 2 and EXACT were pooled for the purposes of age-group analysis.
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non-disabling stroke and had an ICA stenosis of 60% or greater in 
the index (symptomatic) carotid artery. Stenosis severity was veri-
fied by catheter angiography or duplex ultrasound and MRA. The 
primary endpoint was any stroke or death within 30 days of treat-
ment. Although the enrollment target was 872 patients, the trial was 
stopped prematurely by the data safety monitoring board (DSMB) 
after 527 patients had been enrolled for reasons of safety and futil-
ity. The primary endpoint was seen in 9.6% of patients in the stent-
ing group, compared to 3.9% in those undergoing endarterectomy 
(P = 0.01). Later analyses demonstrated that the difference between 
the two groups persisted out to 4 years.110

SPACE40 was a multicenter (n = 35) multinational (German, 
Austrian, and Swiss participation) non-inferiority study. This trial 
recruited and randomized standard–CEA risk patients within 
180 days of either a TIA or moderate stroke (Rankin score <4). 
Patients had a stenosis severity of 70% or greater (ECST criteria; ≥50%  
NASCET) in the index carotid artery. Stenosis severity was deter-
mined by catheter angiography or duplex ultrasound. The primary 
endpoint was ipsilateral stroke and death within 30 days of treat-
ment. The trial was stopped after data from 1183 patients had been 
analyzed, which led to the conclusion that a larger sample size 
(almost 2500 patients) would be needed; however, further fund-
ing was not available. Event rates were 6.84% in the stenting group, 
compared with 6.34% in patients undergoing endarterectomy. 
Although the outcome rates were similar between the two groups, 
the trial failed to demonstrate the noninferiority of CAS (i.e., the 
study failed to prove that outcomes in patients undergoing stenting 
were no worse than outcomes of CEA).

ICSS,109 a multicenter (n = 50) multinational (Europe, Australia, 
New Zealand, and Canada) equivalence study, recruited and ran-
domized standard–CEA risk patients (n = 1713) to either CAS or 
CEA within 12 months of symptoms. Patients had a stenosis sever-
ity of 50% or greater (by NASCET criteria) in the index carotid 
artery. Stenosis severity and study entry eligibility were determined 
by duplex ultrasound or other noninvasive imaging of the carotid 
artery. The primary endpoint was long-term (3-year) incidence 
of death or disabling stroke in any territory and has not yet been 
reported. In 2010, an interim analysis reported the composite of 
stroke, death, and MI at 120 days, which was 72/857 (8.5%) for the 
CAS arm and 44/857 (5.2%) for the CEA arm (P = 0.006). No sig-
nificant difference in the 120-day incidence of disabling stroke or 
death was noted: 34/857 (4.0%) in the CAS arm vs. 27/857 (3.2%) in 
the CEA group (P = NS). Following the interim analysis, the investi-
gators concluded that pronouncement of efficacy of CAS in com-
parison to CEA should await the results of 3-year follow-up (2013), 
and until such time, CEA should remain the treatment of choice for 
symptomatic patients suitable for surgery.

Analysis and Critique
INCLUSION AND EXCLUSION CRITERIA

For the outcomes comparison between the two treatment strate-
gies (CAS and CEA) to be valid, the two patient groups should be 
comparable. Specifically, for the patients enrolled in these studies, 
it should not matter whether they were in the CAS or CEA arms, 
since in a well-designed, adequately enrolled randomized clinical 
trial, this is not an issue. The process of randomization should can-
cel the noise and even out the imbalances between the two arms. 
However, despite randomization, an important imbalance contin-
ued to persist between the two treated groups related to the inclu-
sion and exclusion criteria that handicapped the outcomes in the 
CAS arm. For example, in each one of these trials, patients with 
known anatomical characteristics that would render them high 
risk for CEA (tandem lesions, additional intracranial high-grade ste-
nosis, “hostile necks” as a result of prior surgery or radiation) were 
all excluded from trial participation. On the other hand, the trial 
protocol did not specify exclusions for high stent risk. Additionally, 
when the trial protocol permits trial entry and randomization on 
the basis of duplex ultrasound imaging, anatomical features that 

make stenting high risk (extended type III aortic arch, tortuous 
extra-cranial carotid anatomy, obvious lesion filling defect[s] due 
to a fresh, friable, loose thrombus) cannot be excluded. Inclusion of 
these patients made little or no difference to the outcomes for CEA, 
but may have negatively impacted CAS outcomes. The concept of 
high–stent risk patients is a recent one, however, and the EVA-3 S 
study recruited patients between the years 2000 and 2005, a time 
period during which the concept of high stent risk was neither well 
appreciated nor understood.

ANTIPLATELET REGIMEN

Contemporary carotid stent results are predicated on mandatory 
administration of adequate doses of dual antiplatelet medications 
in all patients prior to initiation of the stenting procedure and con-
tinuing them for at least 4 weeks post-CAS.111,112 In all three of the 
above trials, dual antiplatelet agent use was recommended but not 
mandated. Approximately 20% of patients in the EVA-3 S and SPACE 
studies did not receive adequate antiplatelet medications.

INCONSISTENT USE OF EMBOLIC PROTECTION DEVICES

In EVA-3 S, during the first 3 years of enrollment (2000-2003), EPDs 
were used in approximately three quarters of the procedures. In 
2003 after review of outcomes, the DSMB made use of EPDs man-
datory. Analysis of the outcomes with and without use of EPDs 
reveals higher complication rates in the latter group. In SPACE, 
EPDs were used in only 27% of the cases. In ICSS, use of EPDs was 
recommended but not mandatory. Less than three quarters of the 
cases were performed using an EPD. Since the protocol was silent 
with respect to the need for familiarity with these devices prior to 
use within the trial, experience and expertise with the use of these 
devices was minimal if any. In contemporary carotid stenting prac-
tice, careful, critical analysis of the extracranial carotid artery anat-
omy is an important component of the risk stratification process. If 
the anatomy cephalad to the stenosis is markedly tortuous and/or 
there is no adequate landing zone (i.e., there is insufficient room 
between the caudal extent of the EPD and the area where the distal 
tip of the stent delivery system is expected to land), unless the case 
is suitable for a proximal (flow-reversal) EPD, the case should be 
considered high stent risk, and carotid stenting should not be per-
formed (rather than proceeding with unprotected carotid stenting).

OPERATOR EXPERIENCE

Among practitioners of CAS, a major concern with all three of 
these studies has been the lack of experience of the investiga-
tors. Whereas the surgeons were experienced CEA operators and 
needed to have performed a minimum of 25 CEA surgeries in 
the year preceding study participation (EVA-3 S and SPACE), the 
entry barrier for CAS operators was much lower.113–115 In EVA-3 S, 
for example, a total stenting experience of 12 CAS procedures or 
5 CAS procedures plus 30 non-CAS supra-aortic stent procedures 
was sufficient for entry qualification.114 Surprisingly, first-ever CAS 
cases in the presence of a proctor in the room were allowed within 
the trial. A disproportionately high number of patients underwent 
CAS using general anesthesia or conscious sedation, a reflection of 
operator inexperience and unfamiliarity with the CAS procedure 
and contrary to contemporary CAS practice. This has led many 
investigators42,116 to question the validity of establishing clinical cri-
teria and guidelines for CAS on the basis of these trials and explain 
the rationale requiring additional studies to clarify the issue.

Carotid Stenting in Symptomatic 
and Asymptomatic Standard-Risk Patients
The CREST study39 conducted in 107 U.S. and 9 Canadian centers 
randomized standard-risk CEA patients to either CAS or CEA. The 
trial, which commenced in 2000, began by enrolling  symptomatic 
patients who were within 6 months from the index event. In 2005, 



408

CH 
32

enrollment criteria were modified to include asymptomatic 
patients. Symptomatic patients needed to have a stenosis severity 
of 50% or greater on conventional angiography (NASCET criteria), 
or 70% or greater stenosis on duplex ultrasonography, CTA, or MRA 
in the index carotid artery. For asymptomatic patients, the stenosis 
eligibility criteria were 60% or greater on conventional angiogra-
phy, 70% or greater by duplex ultrasonography, or 80% or greater 
stenosis on CTA or MRA. Trial sponsors included the NIH as well 
as a commercial partner, Abbott Vascular, whose devices (Accunet 
filter and Acculink stent) were used in the study.

The primary endpoint of the CREST study was the composite of 
any stroke, MI, or death from any cause during the periprocedural 
period or ipsilateral stroke within 4 years after randomization. The 
data were also analyzed using a composite endpoint that included 
any stroke, MI, and all death within 30 days of the procedure, plus 
ipsilateral stroke between day 31 and day 365. This endpoint 
was used by the industry sponsor for FDA submission for device 
approval. Secondary endpoints included all death, any stroke, or MI 
at 30 days (periprocedural), a 1-year composite endpoint stratified 
by symptomatic status and age (octogenarian status), acute proce-
dural success, target lesion revascularization at 12 months, access 
site complications requiring treatment, cranial nerve injury unre-
solved at 1 and 6 months, and a prespecified interaction analyses 
involving gender and symptomatic status.

Data analysis was performed with four prespecified analysis 
populations: (1) intent-to-treat (ITT), (2) as-treated (AT), (3) modi-
fied as-treated (MAT), and (4) per protocol (PP). These four popu-
lations are defined in Figure 32-20.

The sample size of 2500 symptomatic patients in the initial 
 proposal was based on a non-inferiority analysis for a study with 
80% power and one-sided alpha of 0.05, assuming a composite 
endpoint rate of 7.48% and a non-inferiority margin of 2.6. When 
asymptomatic patients were added in 2005, the assumption was 
that 50% of the patient population would be asymptomatic. The 
assumed composite rate was ratcheted down to 6.76%, and the 
study power increased marginally to 82% with a one-sided alpha 
of 0.05.

Of the 2307 patients in the per-protocol population, 1219 (52.8%) 
were symptomatic, and 1088 (47.2%) were asymptomatic. The 
demographics of the two groups were well matched; approxi-
mately 9% of the patients were octogenarians, 30% had diabetes, 
and cardiovascular disease was present in about 45%.

The outcomes of the primary endpoints are shown in Table 32-8. 
Both analyses are consistent and complimentary, and CAS was 
shown to be non-inferior to CEA in both analyses (pre-specified 
non-inferiority margin of 2.6%).

During the peri-procedural period, there was a greater risk of 
stroke with stenting (4.1% vs. 2.3%; P = 0.01), but this difference 
was driven by the increased number of minor strokes in the CAS 
group (3.2% vs. 1.7%; P = 0.01). It is worth noting and emphasiz-
ing that for the endpoints of death and major stroke, not only was 
there no significant difference between the two groups, the event 
rates for these two key endpoints was low with both CEA and CAS 
(Table 32-9).

Minor Strokes
All interventions for extracranial carotid artery disease, CEA or 
CAS, are prophylactic, and the specific goal of the procedure is to 
reduce the patient's future risk of a stroke. Although survival free 
of a major stroke is the principal goal of the therapeutic interven-
tion, minor strokes cannot be ignored. In fact, especially when treat-
ing asymptomatic patients, operators should have an extremely 
low tolerance for any procedure-related neurological event, be it 
major or minor stroke or cranial nerve injury. In the CREST study, 

Prespecified Analysis Populations

1. Primary endpoint event prior to
    procedure � 6

2. No procedure attempted and
    withdrew consent during
    study � 48
3. No procedure attempted � 51

4. Crossover post procedure � 9

5. Pure crossover � 73
6. Aborted procedure � 4
7. No study stent � 4

Total 82 crossovers; 70 CAS to
CEA; 12 CFA to CAS

Total population � 2502

ITT population � 2496 (99.8%)
CAS � 1259, CEA � 1237

AT population � 2397 (95.8%)
CAS � 1151, CEA � 1246

PP population � 2307 (92.2%)
CAS � 1131, CEA � 1176

MAT population � 2388 (95.4%)
CAS � 1149, CEA � 1239

FIGURE 32-20 Prespecified analysis populations in the Carotid 
Revascula ri zation Endarterectomy versus Stenting Trial (CREST). AT, 
as-treated; CAS, carotid artery stenting; CEA, carotid endarterectomy; ITT, intent-
to-treat; MAT, modified as-treated; PP, per protocol.

 CAS CEA 95% CL† PNI

Abbott PMA analysis: 
1-year per-protocol

7.1% 6.6% 2.26% 0.0245 

NIH analysis: 4-year ITT 7.2% 6.8% 2.26% 0.0259

TABLE 32-8  Primary Endpoint Analysis from the CREST 
Trial*

*Two separate calculations were made, one by the trial sponsor Abbott and a second by the 
NIH. The noninferiority margin was reached in both groups using a margin of 2.6%.
†Prespecified noninferiority margin of 2.6%.
CAS, carotid artery stenting; CEA, carotid endarterectomy; CL, confidence limits; CREST, 
Carotid Revascularization Endarterectomy versus Stenting Trial; ITT, intent-to-treat; NIH, 
National Institutes of Health; PMA, premarket approval; P

NI
, noninferiority P value.

 
 
 
 

CAS 
N = 1262 

NO. OF PATIENTS 
(% ± SE)

CEA 
N = 1240 

NO. OF PATIENTS 
(% ± SE)

 
TREATMENT EFFECT 

(CAS VS. CEA) 
PERCENTAGE (95% CI)

 
 

UNADJUSTED 
P VALUE

Death/stroke/MI 66 (5.2 ± 0.6) 56 (4.5 ± 0.6)   0.7 (− 1.0 to 2.4) 0.38

Death  9 (0.7 ± 0.2)  4 (0.3 ± 0.2)   0.4 (− 0.2 to 1.0) 0.18

Any stroke 52 (4.1 ± 0.6) 29 (2.3 ± 0.4)   1.8 (0.4 to 3.2) 0.01

Major stroke 11 (0.9 ± 0.3)  8 (0.6 ± 0.2)   0.2 (− 0.5 to 0.9) 0.52

Minor stroke 41 (3.2 ± 0.5) 21 (1.7 ± 0.4)   1.6 (0.3 to 2.8) 0.01

MI 14 (1.1 ± 0.3) 28 (2.3 ± 0.4) − 1.1 (− 2.2 to − 0.1) 0.03

TABLE 32-9 Periprocedural (30 days) Primary Endpoint and Endpoint Components According to Treatment Group

CAS, carotid artery stenting; CEA, carotid endarterectomy; CI, confidence interval; MI, myocardial infarction; SE, standard error.
From Brott TG, Hobson RW 2nd, Howard G, et al: Stenting versus endarterectomy for treatment of carotid-artery stenosis. N Engl J Med 363:11–23, 2010.
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an increased incidence of minor strokes contributed to the excess 
stroke hazard in the CAS arm. Analysis of the NIH Stroke Scale data 
of patients suffering a peri-procedural minor stroke reveals that 
although residual defects were disproportionately higher in the 
CAS arm at 1 month (1.10% vs. 0.60%), this difference was no longer 
evident at the 6-month time point (0.6% vs. 0.6%). A similar trend to 
equalization was noted when objective classification of the resid-
ual deficits was performed using the Rankin Scale. Importantly, 
the occurrence of a minor stroke did not negatively impact the 
patient's long-term survival. Thus, although there were more minor 
strokes in the CAS arm, the neurological impairment was minimal, 
and by 6 months both groups had similar outcomes.

Myocardial Infarction
In CREST, MI was defined by biomarker elevation (creatine kinase 
[CK]-MB or troponin > twice the upper limit of normal) plus either 
chest pain or electrocardiographic (ECG) evidence of ischemia 
(>1 mm ST elevation or depression in two contiguous leads). An 
additional pre- specified category included biomarker elevation 
without chest pain or ECG abnormality (biomarker positive only). 
When compared to patients without biomarker elevation, mortal-
ity was higher over 4 years for those with MI (HR 3.40; 95% CI, 1.67-
6.92) or biomarker positive only (HR 3.57; 95% CI, 1.46-8.68). After 
adjustment of baseline risk factors, the occurrence of MI or eleva-
tion of biomarkers only remained independently associated with 
increased mortality.117 In EVA-3-S, SPACE, and ICSS, cardiac biomark-
ers were not measured as part of the protocol.

The negative impact on survival in patients experiencing a peri-
procedural MI is consistent with observations from other cardiac 
and non-cardiovascular procedures. It has repeatedly been shown 
that small peri-procedural elevations of cardiac enzymes were 
associated with increased future mortality.118–121 How should one 
interpret these findings? The occurrence of a peri-procedural MI 
or biomarker elevation likely serves as a marker for more exten-
sive underlying atherosclerotic disease. None of the other studies 
referenced in this section, including CREST, was able to positively 
conclude whether or not the occurrence of this procedure-related 
ischemic event in some way further adds to the baseline increased 
mortality risk. Thus, physicians have to factor in the occurrence as 
well as the consequences of MI when making treatment recom-
mendations for an individual patient—especially the asymptom-
atic octogenarian.

Cranial Nerve Injuries and Their Sequelae
Cranial nerve injuries, a consistent complication of CEA (≈5%; 
Table 32-10) are rarely considered when discussing outcomes. 
Some of these deficits can be permanent and on occasion can be 
the source of major morbidity. For example, in the ICSS study, two 
of the cranial nerve injuries (out of 857 endarterectomies) were 
classified as disabling—both patients required gastrostomies. In 
the CREST study, more than 80% of the cranial nerve injuries were 
motor deficits, and 2% of the cranial nerve injuries were  unresolved 
at 6-month follow-up. In future trials, consideration should be given 

to the inclusion of cranial nerve injuries as part of a composite  
primary endpoint together with death, stroke, and MI.

Secondary Endpoints
Pre-specified interaction analysis showed symptom status and 
gender did not modify the treatment effect. However, age at treat-
ment did have an influence, and the crossover was approximately 
70 years. The impact of age on treatment selection is discussed later.

Clinical Durability of Carotid Stenting
Knowledge of the risk of an ipsilateral stroke after CAS during the 
follow-up period is vital to demonstrate the clinical durability of 
CAS. Clinical durability of CEA in both symptomatic and asymp-
tomatic patients with extracranial carotid artery disease was estab-
lished by NASCET3 and ACAS.8 The rates of ipsilateral stroke during 
the 4-year CREST follow-up period were low and similar in both 
treatment arms—2.0% for CAS and 2.4% for CEA. These results 
are similar to the rates in the EVA-3-S110 and SPACE trials,122 sug-
gesting excellent durability for up to 4 years. The durable benefits 
of carotid stenting (i.e., freedom from ipsilateral stroke) in these 
large randomized studies reinforce the results published by the 
authors almost a decade ago.22 To further investigate the long-term 
outcomes following carotid intervention, subject follow-up in the 
CREST study has been extended to 10 years and will provide addi-
tional information on this issue.

Restenosis Following Carotid Stenting
Restenosis rates have been documented following CAS in the large 
randomized trials and are approximately 10% at 2 years,122,123 as mea-
sured by duplex ultrasonography. Although duplex ultrasound is an 
excellent method of following these patients, velocity criteria con-
ventionally applied to diagnose stenosis in nonstented arteries may 
require modification because of mechanical changes in the carotid 
artery following stenting. It has been suggested that a peak systolic 
velocity greater than 300 cm/s be used to define a stenosis of 70%124–126  
in the stented patient. Other modalities also present challenges. 
Computed tomography angiography may be used as a complemen-
tary form of imaging,127 but it requires contrast and radiation exposure. 
Magnetic resonance angiography is not useful in a stented patient.

Evaluating restenosis by tracking the need for target lesion 
revascularization is a commonly accepted method to define 
clinically relevant in-stent restenosis. At 1-year follow-up, both 
CAS and CEA had close to 99% freedom from target lesion 
revascularization,39 with only 0.8% of patients requiring repeat 
revascularization. Furthermore, even in patients with evidence 
of in-stent restenosis, the event rate is low, suggesting restenosis 
is generally a benign condition.123 These results, together with 
previously reported very low rates of carotid stent restenosis, 
support durability of the self-expanding stent for this indica-
tion. Since the stent is implanted within a superficial artery that 
is subject to a variety of torsional forces associated with neck 
movement, questions of stent fracture have been raised and are 
being addressed by follow-up fluoroscopy in some ongoing tri-
als.128 In the authors’ experience, stent thrombosis, stent fractures, 
and in-stent restenosis are rare issues for stents placed in the 
extracranial cervical carotid location. The rate of stent fracture is 
currently under study.

Summary of CREST Results
1. In experienced hands, both CEA and CAS are excellent revas-

cularization options for treatment of symptomatic and asymp-
tomatic extracranial carotid stenosis in patients of either 
gender.

2. Both procedures were associated with similar rates of the pri-
mary composite outcome that included periprocedural stroke, 
MI, or death and subsequent ipsilateral stroke to 4 years.

 Cranial Nerve Injuries

 CEA CAS

SAPPHIRE101 4.9% 0

EVA-3 S41 7.7% 1.1%

ICSS109 5.3% 0.1%

CREST39 5.3% 0

TABLE 32-10  Published Cranial Nerve Injury Rates from 
Large Randomized Trials*

*The 1.1% rate seen in EVA-3 S was due to three events, two from patients who crossed over 
to CEA (intent-to-treat [ITT] analysis).
CAS, carotid artery stenting; CEA, carotid endarterectomy.
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3. Not only was there no significant difference between major  
disabling stroke and death between the CAS and CEA arms, 
the incidence of these major events was very low with either 
treatment option.

4. Minor non disabling strokes were greater with CAS than with CEA. 
Using the objective NIH Stroke Scale, at 6 months, the deficits in 
the stenting cohort had equalized with those in the CEA arm of 
the study. The occurrence of a minor stroke did not affect survival.

5. Myocardial infarction's were more frequently seen with CEA 
than CAS, and the occurrence of MI negatively impacted survival.

6. Cranial injuries were seen in approximately 5% of the CEA 
patients, the vast majority were motor deficits, and 2% of the inju-
ries had persistent deficits at 6 months. There were no cranial 
injuries in the CAS patients.

7. At one year, stroke had a greater adverse effect than MI on a 
broad range of health status domains.129

Special Patient Groups
Carotid Stenosis Following Cervical Irradiation
Carotid artery stenosis is a delayed complication of neck irradia-
tion (radiation arteritis).130 Although stenosis following prior radia-
tion is often seen at the carotid bifurcation, patients with prior neck 
radiation frequently have lesions that are high (at or above the C2 
vertebra) or low (at or below the level of the clavicle). Stenosis at 
multiple locations within the same artery is not unusual. The typi-
cal interval between the radiation treatment and detection of ste-
nosis is at least 10 years. In patients who had neck irradiation but 
also have multiple risk factors for atherosclerotic vascular disease 
and who present with an isolated bifurcation stenosis, it may be 
very difficult to determine the etiology of the carotid disease.

Surgical treatment of these patients is complicated by a num-
ber of factors. Many patients have had radical neck dissections in 
association with radiation therapy, resulting in fibrosis and scarring. 
There is an increased risk of stenosis of the CCA, its low position 
making surgical access more difficult. There is also an increase in 
postoperative necrosis, infections, wound breakdown, and cranial 
nerve palsies that have been observed post CEA in this popula-
tion,131 compared to patients without prior radiation. In contrast, 
none of these difficulties are faced by operators performing CAS, 
making it an appealing technique for this indication.

Owing to the infrequent nature of this presentation, there are 
no randomized studies; however,  several case series have demon-
strated that CAS is safe and efficacious in this setting.132,133 Reported 
peri- procedural stroke and death rates have been low and have not 
exceeded those observed in general patient cohorts undergoing CAS. 
The only limitation of stenting in this group is the possible increased 
risk of in-stent restenosis following the procedure. Restenosis rates 
from 5%132 to 41%133 have been reported at intervals from 12 to 
24 months. Although higher than that seen in patients without prior 
radiation, these events have not been associated with symptoms and 
restenotic lesions are amenable to repeat percutaneous intervention.

Despite the absence of randomized trial data apart from those 
patients enrolled in the SAPPHIRE study, the low peri-procedural 
complication rates with CAS makes this the preferred approach for 
this patient group and the authors support the level IIa recommen-
dation of the multispecialty guidelines32 in recommending the use 
of CAS for carotid stenosis following cervical radiotherapy. Patients 
should be closely followed by serial duplex ultrasound examina-
tions after the procedure to monitor for restenosis. Because of prob-
lems of delayed healing and incomplete endothelialization of the 
stent struts, patients with prior neck radiation who undergo stenting 
are prescribed lifelong dual antiplatelet treatment.

Post–Carotid Endarterectomy Restenosis
Restenosis after CEA is a well-recognized phenomenon. 
Restenosis that occurs within the first 2 years after CEA has been 
attributed to intimal hyperplasia, whereas after 2 years,  progressive 

 atherosclerosis is thought to be responsible. Restenosis rates vary 
depending on the study and methodology and are reported from 
5% at 1 year123 to 36% during long-term follow-up.134 Revision CEA 
is technically challenging and associated with higher compli-
cation rates than primary surgery, with increased rates of stroke 
(4.8% vs. 0.8%), TIA (4.0% vs. 1.1%), and cranial nerve injury (17.0% 
vs. 5.3%).135 Carotid artery stenting is therefore an appealing tech-
nique in this setting.

There have been no randomized trials to assess which method 
is superior. Single-center studies evaluating the experience of 
CAS following prior CEA have demonstrated that low compli-
cation rates can be achieved. Thirty-day death/stroke rates rang-
ing from 1%136 to 4%137 have been published and have compared 
favorably to endarterectomy.136 Of note, these published figures 
are slightly superior to those seen in randomized trials of symp-
tomatic patients.39 The durability of CAS after previous CEA has 
not been well established; however, the limited data suggest 
that stent restenosis is not significantly higher than that seen in 
 primary CAS.137

Given that the current literature demonstrates no particular 
increase in CAS risk following prior CEA but a significant increase 
in complications during revision CEA, CAS is the recommended 
approach in this setting.

Carotid Stenting in Women
Some authors have postulated a variance in outcomes 
dependent on the sex of the patient. Women typically have 
smaller- caliber arteries and aortic arches, potentially lead-
ing to increased technical difficulties and higher complica-
tion rates. Although individual trials have not had sufficient 
power to detect such  differences, the Carotid Stenting Trialists 
Collaboration (CSTC) published a meta-analysis of three ran-
domized controlled  trials. This study revealed no significant 
difference in outcomes at 4 years between men and women, 
although there was a trend toward higher adverse event rates 
in men.138 A separate review of the CREST study data found that 
women are more likely to have complications following CAS, 
and men more likely after CEA.139 The authors suggested that 
the treatment strategy for carotid  stenoses could be custom-
ized, with a preference for CEA in women and vice versa. If 
the data from this study are further pooled with the data from 
CSTC, there is no significant difference in outcomes.140 Given 
the conflicting study data and absence of clear evidence, there 
is currently no basis for tailoring treatment approaches on the 
basis of gender.

Carotid Stenting in the Elderly
Elderly patients (generally interpreted to mean patients > 80 years) 
with carotid stenosis pose several challenges for carotid revascu-
larization. The association between older age and increased risk of 
adverse events after CAS was seen in the CREST lead-in cohort,141 
the SPACE trial,40 and the ICSS.109 Indeed, octogenarian patients are 
more likely to be excluded because they have one or more fea-
tures deemed high risk for carotid stenting, as shown in Box 32-1. 
By carefully excluding patients with adverse features—decreased 
cerebral reserve, excessive tortuosity (2 bends >90 degrees after 
the origin of the CCA from the aortic arch or ICA from the carotid 
bifurcation), or heavy concentric calcification—it has been shown 
that adverse event rates comparable to those seen following CEA142 
can be achieved.

In the CREST study, an interaction between age and treatment 
efficacy was detected with a crossover at an age of approximately 
70 years. This led the CREST investigators to conclude that “carotid-
artery stenting tended to show greater efficacy at younger ages, 
and CEA at older ages.”39 Hence, treatment recommendation in the 
elderly patient with carotid stenosis must be highly individualized 
and take into account high-risk features that will make stenting or 
CEA (or both options) unsuitable.
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Treatment of Carotid Stent Restenosis
On the rare occasion when treatment is deemed necessary, treat-
ment of in-stent restenosis is usually performed by dilation with 
either a noncompliant or cutting balloon.143 In some cases, vessel 
recoil makes an additional stent necessary. It has been speculated 
that the controlled trauma of a cutting balloon may result in lower 
occurrence of in-stent restenosis than a conventional angioplasty 
balloon, but this has not been studied systematically. Zhou et al. 
used cutting balloons in five of seven patients, and two required 
further stent implantation.144 In theory, because restenotic lesions 
are generally fibrotic, the risk of periprocedural embolization in 
these lesions (in-stent restenosis or stenosis recurrence following 
endarterectomy) is thought to be low. However, in practice, use of 
a distal EPD is recommended even when intervening on these 
lesions. Rates of target lesion revascularization in the CREST study 
were very low, with only 0.8% of patients requiring repeat interven-
tion during the 4-year follow-up period.39 A comparable rate of 
1.5% was obtained from the 4-year published data from EVA-3 S.110

Treatment of Concomitant Carotid 
and Coronary Arterial Disease
The generalized nature of atherosclerosis makes concomitant 
coronary and carotid artery disease a common finding. The issue 
of treatment of carotid disease is of particular concern in the 
management of patients who require CABG. These patients have 
a high incidence of at least moderate carotid artery disease (15% 
of patients >70 years of age145) and perioperative stroke is asso-
ciated with a 25% mortality.146 Large meta-analyses of published 
studies have found that stroke as a complication of CABG occurs 
in 1.7% of all cases.146,147 This risk is to 3% for patients with an 
asymptomatic 50% to 99% unilateral stenosis, 5% for those with 
bilateral 50% to 99% stenoses, and 7% to 11% for patients with a 
carotid artery occlusion.146 However, pathological and radiologi-
cal examination revealed that only 40% of such strokes could be 
attributed to the ipsilateral stenosis. Therefore, even if 100% effec-
tive at preventing ipsilateral ischemia, carotid intervention can 
only reduce peri-operative (CABG) stroke rates by less than half. 
This issue is further clouded because there are currently no ran-
domized trial data to provide guidance as to the optimal manage-
ment of these patients.

Observational studies have evaluated the outcomes of both CEA 
and CAS, either prior to or concurrently with CABG. A meta-analysis of 
published peri-operative stroke/death rates for combined CEA/CABG 
revealed a stroke/death rate of 8.7% for combined surgery and 6.1% 
for a staged CEA then CABG.148 However, this reduction in stroke risk 
for a staged procedure comes at the cost of an increased MI rate, from 
3.6% for the synchronous procedure to 6.5% for staged.148 This is a 
significant concern because peri-procedural MI has been associated 
with an increased risk of mortality, as seen in the CREST study.117 The 
SAPPHIRE study, which enrolled high-risk surgical patients (including 
those requiring CABG), showed that in high -risk patients, CAS was a 
safer alternative than CEA, with lower combined death and stroke 
rates at 1 year.101 This finding has been further supported by a retro-
spective study comparing outcomes between CEA and CAS followed 
by CABG. Again there was both a numerical reduction in 30-day 
death/stroke rates (7.1% vs. 12.6%, respectively; P = 0.28) and MI (3.3 
vs. 12.6%, respectively; P = 0.06). This has led to staged CAS followed 
by CABG at least 14 days later following cessation of at least one anti-
platelet agent being adopted by many centers.149 Single-center stud-
ies have reported periprocedural death/stroke rates of 4.8%.150

At present there are no randomized data to support either 
approach in asymptomatic patients. Patients with three-vessel CAD 
were not enrolled in the landmark studies for asymptomatic carotid 
disease8,151; the study findings may not necessarily be extrapo-
lated to this high-risk population. Overall, the authors believe that 
patients with bilateral carotid artery disease or  unilateral carotid 
stenosis plus a contralateral occlusion are most likely to benefit 

from carotid revascularization prior to CABG, and that CAS is a 
safer alternative to CEA where feasible.

Current Recommendations  
and the Future of Carotid Artery Stenting
Stroke is the fourth leading cause of death in the United States152 
and the single most important cause of long-term physical and 
intellectual disability. Despite spectacular advances and progress in 
several areas of medicine, the treatment options for an established 
stroke are limited, and the expectation for reversibility or improve-
ment of a neurological deficit is both guarded and unpredictable.

Given the high risk of recurrence after a symptomatic event, 
there is little controversy or argument that most if not all symp-
tomatic patients with 70% or greater stenosis on angiography, and 
many symptomatic patients with a 50% to 70% stenosis, should be 
offered a definitive revascularization procedure—either CEA or 
CAS—unless the expected procedural risks breach the AHA rec-
ommendation threshold of 6%. Additionally, these patients should 
be on appropriate atherothrombotic risk-reduction measures.

For asymptomatic patients, however, the issue of which patient 
needs treatment is far from settled. It would be reasonable to offer 
revascularization for asymptomatic patients with 80% or greater 
 stenosis. In certain situations (e.g., those requiring CABG), patients 
with less than 80% but more than 70% stenosis also may be offered 
treatment. Carotid stenting can be scientifically and ethically 
justified as a treatment option for asymptomatic patients only if 
operators and centers are experienced and have a verifiable peri-
procedural risk of 3% or less. If the expected peri- procedural risk 
associated with revascularization (CEA or CAS) in an asymptomatic 
patient exceeds 3%, the patient should be managed conservatively.

Patient selection remains the single most important predictor 
of complications. Although EPDs are routinely used, no protec-
tion device can replace critical risk analysis and sound operator 
judgment. In general, it is reasonable to recommend CAS in symp-
tomatic patients who are younger than 80 years of age. For patients 
older than 80, the decision must be individualized, and the recom-
mendation for revascularization should be arrived at after a rigor-
ous and critical analysis of the risks and benefits. Many of these 
patients may be best managed medically—no CAS or CEA.

For asymptomatic patients considered high risk for endarterec-
tomy, CAS is a reasonable option with two important caveats: (1) 
high risk for endarterectomy does not automatically mean high 
risk for stroke (with conservative medical management), and (2) 
a proportion of high surgical risk patients will also be high risk for 
CAS—these patients should be treated conservatively.

The conventional approach for treatment of extracranial carotid 
artery disease involves revascularization on the basis of the pre-
sumed surgical risk (the conventional paradigm depicted in 
Fig. 32-21). In other words, if a patient requires treatment for carotid 
stenosis, the first question that has been traditionally posed is: Is 
the patient standard risk for CEA? Patients considered high risk for 

Carotid 
revascularization

Evaluate CEA risk

Yes

Standard

No

High

Medical therapy

CEA
or

Eligible for participation
in randomized trial

CAS

FIGURE 32-21 Conventional approach to treatment of carotid arterial 
disease has been based on the answer to the question: Is the patient suitable 
(standard risk) for carotid endarterectomy (CEA)? CAS, carotid artery stenting.
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CEA are often referred for carotid stenting, arbitrarily considered 
a low-risk intervention because little attention had been paid to 
defining what constituted high stent risk. However, the full clinical 
potential of carotid stenting can only be realized if there is a para-
digm shift in the process of procedural risk stratification and selec-
tion of patients for revascularization. This applies to both everyday 
clinical practice and the design of randomized trials. Clinical deci-
sion making that incorporates this paradigm shift is depicted in the 
future approach shown in Figure 32-22, wherein the first question 
that should be asked is: Is the patient standard risk for stenting?

So, what can we expect in the future? A randomized trial to 
answer the question of the risk of stroke with contemporary med-
ical treatment in asymptomatic patients is already underway 
(SPACE II), and another trial (CREST II) is awaiting funding. ACT I,  
a large prospective study involving asymptomatic patients is ran-
domizing patients (3:1, CAS vs. CEA). Although this study does not 
include a medical arm, prior to randomization, patients have to be 
suitable (i.e., standard risk) for both CAS and CEA—an important 
strength of the trial design. Finally, in the future we can expect con-
tinued technical and device improvements to further improve the 
safety of carotid stenting.
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FIGURE 32-22 In the future, we will see a paradigm shift, and the 
approach to carotid revascularization will be based on the answer to 
the question: Is the patient suitable (standard risk) for carotid artery 
stenting (CAS)? CEA, carotid endarterectomy.
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Historical Background
The development of surgery for carotid artery disease required 
three important advances: (1) recognition of the relationship 
between atherosclerotic disease of the carotid bifurcation and 
stroke, (2) premorbid identification of carotid bifurcation disease, 
and (3) the vascular surgical techniques necessary to remove 
carotid bifurcation atherosclerotic plaque.

For many years, the relationship between carotid artery  disease 
and stroke was overlooked because autopsy protocol did not 
include harvesting the cervical vessels. Therefore, the only patho
logy observed in hemispheric stroke was thrombus in the intra
cranial vessels, most commonly the middle cerebral artery (MCA).
One of the earliest observations of the relationship of cervical 
carotid artery disease with stroke was made in 1856 by Savory, who 
described a patient with left monocular blindness, right hemiple
gia, right dysesthesia, and an occluded left internal carotid artery 
(ICA) at the carotid bifurcation.1 A similar observation was made 
by Gowers in 1875.2 It was not until 1914 that Hunt described the 
relationship between carotid artery disease, transient ischemic 
attacks (TIAs), and stroke.3 The ability to identify carotid bifurca
tion disease prior to death awaited the work of Moniz, who in 1927 
reported on the technique of carotid angiography. This, for the 
first time, provided the opportunity to identify carotid artery occlu
sive disease in the living patient.4 In spite of this, clinicians solely 
used cerebral angio graphy to evaluate the intracranial circula
tion. In 1951, Fisher reemphasized the importance of the cervical 
carotid artery, pointing out that prior to occlusion, a stenosis was 
present that might be amenable to surgical correction.5

The surgical phase for treating carotid artery disease began in 
1951. Carrea et al. from Buenos Aires resected the diseased segment 
of an ICA and restored flow by anastomosing the external carotid 
artery (ECA) to the distal ICA. They waited until 1955 for sufficient 
followup before reporting the case.6 Probably the first  successful 
carotid endarterectomy (CEA) was performed by DeBakey 
et al. in 1953, but it was not reported until 1959, with a longterm  
followup reported in 1975.7 The publication that led to rapid 
incorporation of carotid artery surgery into clinical practice was 
the operation reported by Eastcott et al. in 1954. They described 
a case of a woman who was experiencing hemispheric TIAs, 
with an  associated stenosis of the bulb of the carotid artery. They 
resected the carotid artery bifurcation and restored flow by a direct 
anastomosis between the common and distal ICAs with a successful 
 outcome and cessation of symptoms. This report led to an explosion 
of interest in the treatment of carotid bifurcation disease.8

Pathology of Carotid Bifurcation Disease
The most common lesion of the carotid artery bifurcation is an 
atherosclerotic plaque involving the bulb of the ICA. This local
ization of plaque is predictable and provides the opportunity for 
treatment with CEA. The plaque can be calcific, fibrous, or com
posed of atherosclerotic elements of mixed consistency. Plaques 
can expand slowly or, with intraplaque hemorrhage, rapidly. Other 
pathological lesions causing carotid artery stenosis include fibro
muscular dysplasia (FMD), Takayasu's arteritis (TA), radiation arte
riopathy, and (rarely) aneurysms of the cervical ICA.

Pathogenetic Mechanisms of Stroke  
and Transient Ischemic Events
The pathogenetic mechanism for ischemic events is primar
ily thrombotic or atheroembolic (also see Chapter 30). If the 
occlusive plaque in the carotid bulb progresses to critical flow 

 reduction, the ICA will proceed to thrombotic occlusion. The 
pace of the  occlusive process is important. If this process occurs 
slowly,  collateral circulation may develop from the contralateral 
carotid and vertebral arteries. In addition, the ipsilateral ECA can 
be a source of  collateral blood flow by flow reversal through the 
 ophthalmic artery to the siphon of the ICA. Under these circum
stances, thrombosis of the ICA may be a silent event. On the other 
hand, if plaque expansion occurs rapidly or if collateral circula
tion is inadequate, there will be thrombotic propagation beyond 
the ophthalmic branch of the ICA into the middle cerebral artery, 
causing hemisphere infarction and neurological deficit.

In addition to thrombotic occlusion of the ICA, the more com
mon mechanism for ischemic events is rupture of the intimal 
cover of the atherosclerotic plaque, permitting the discharge of 
soft  atherosclerotic debris into the blood flow stream. These frag
ments are carried distally to the intracranial branches, fostering 
either permanent branch occlusion and cerebral infarction or, with 
fragmentation and thrombolysis of the embolus, a temporary and 
reversible neurological deficit or TIA. Following plaque rupture 
and a primary wave of embolization, a defect is left in the plaque 
that on angiographic inspection resembles an ulcer. This ulcer or 
plaque defect can be the source of continual embolization, or it 
can be the nidus for platelet aggregate and thrombotic material 
to reside. Since there is no attachment of this material within the 
ulcer crater, pulsatile blood flow can dislodge the material residing 
with the ulcer crater, leading to a secondary wave of embolization.

Clinical Evaluation
Clinical evaluation of patients with cerebrovascular disease 
(carotid artery disease) is discussed in Chapter 30.

Preoperative Imaging
The noninvasive examination of choice for patients with suspected 
carotid artery disease is a carotid duplex ultrasound scan using 
modern equipment in a validated vascular laboratory (also see 
Chapter 12). This study identifies lesions in the carotid artery, clas
sifies the severity of stenosis, and provides information regarding 
plaque consistency. The opportunity to examine flow velocity and 
pulse wave velocity analysis provides information about other 
 portions of the circulation, including proximal lesions at the level of 
the aortic arch and distal intracranial lesions. In many  centers, the 
duplex scan serves as the definitive preoperative study.9 Additional 
studies such as magnetic resonance imaging (MRI), magnetic reso
nance angiography (MRA), computed tomographic angiography 
(CTA), or catheterbased contrast angiography are reserved for 
special circumstances.9 Use of MRA or CTA in conjunction with 
duplex ultrasound of the carotid artery is considered when the 
results of duplex ultrasonography are difficult to interpret or incon
sistent with the clinical presentation.

Magnetic resonance angiography is used frequently because it 
does not require ionizing radiation. When contrast is added, the 
images are often clear and resemble those obtained via catheter
based intraarterial angiography, providing a sensitivity and speci
ficity of 88% and 84%, respectively, for diagnosing a 70% to 99% 
stenosis.9 Magnetic resonance angiography permits imaging of the 
intracranial vascular anatomy, and when combined with MRI, can 
identify areas of cerebral infarction or other intracranial pathology. 
The major limitation of MRA is that it tends to overestimate percent 
stenosis of lesions in the carotid bifurcation (also see Chapter 13). 
This phenomenon occurs because turbulent blood blow, such as 
occurs at carotid bulb stenosis, results in signal dropout and void, 
giving the impression of a highgrade carotid stenosis.
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Computed tomography (CT) and CTA are also quite helpful in 
identifying intracranial lesions. Computed tomography angiog
raphy is accurate in identifying and quantifying intracranial and 
extracranial carotid stenosis (also see Chapter 14). The sensitivity 
and specificity of CTA for determination of carotid artery stenosis 
are 95% and 99%, respectively.10 The major drawbacks of CT scan
ning are exposure to ionizing radiation and the requirement for a 
large volume of iodinated contrast material, which can be nephro
toxic or cause allergic reaction in patients sensitive to iodine.

Intraarterial contrast angiography is considered the gold stan
dard for identifying and quantifying arterial stenoses. Major 
 disadvantages of this invasive procedure include arterial injury, 
occlusion, and embolization resulting in cerebral infarction. In 
the Asymptomatic Carotid Artery Study (ACAS), angiography was 
associated with a 1% stroke rate.11 In addition, it requires ionizing 
radiation and iodinated contrast material. This technique is now 
rarely indicated prior to carotid endarterectomies. It does have a 
role for preprocedure imaging as a part of carotid angioplasty/
stenting.

Techniques of Carotid Endarterectomy
An arterial canula is placed for continuous blood pressure moni
toring and periodic sampling of blood gases. Carotid endarterec
tomy can be performed under either local or general anesthesia. 
General anesthesia is more comfortable for the patient. It affords a 
quiet operative field and allows the surgeon to concentrate with
out distraction by patient movement or discomfort. It also allows 
optimal airway control, ventilation, and oxygenation.

The patient is positioned supine on the operating table. A cush
ion is placed under the shoulders to allow for mild neck extension, 
and the head is rotated away from the side of incision.

When the carotid artery is clamped for the endarterectomy 
procedure, the surgeon has several choices regarding the assur
ance of adequate blood flow to the ipsilateral cerebral hemi
sphere. About 90% of patients tolerate temporary clamping of 
the carotid artery because adequate collateral circulation is pro
vided through the circle of Willis. For patients with inadequate 
collateral circulation, a temporary shunt is required to maintain 
adequate cerebral  perfusion during endarterectomy to avoid 
periprocedural  cerebral infarction. These observations have 
led to two forms of practice: routine shunting of all patients or 
selective shunting based upon intraoperative monitoring. The 
argument for routine shunting is that special monitoring is not 
required. The argument in favor of selective shunting is that there 
are complications unique to the use of an internal shunt. These 
include intimal damage with shunt  placement and  embolization 
of air or atheromatous debris through the shunt to the  intracranial 
circulation, resulting in a cerebral infarction. In addition, when a 
shunt is in place, it is difficult to see the end of the endarterecto
mized segment, thus opening the possibility of leaving a residual 
intimal flap that can lead to thromboembolism and possibly post
operative carotid occlusion. Therefore, since only 10% of patients 
undergoing CEA require a shunt, there is little reason to expose 
the majority 90% who do not require a shunt to its  potential 
complications.

There are several acceptable methods for monitoring the ade
quacy of cerebral perfusion. The first method that was described 
was measurement of ICA backpressure in patients undergoing  
CEA under local anesthesia. With clamping of the common carotid 
artery (CCA) and ECA, the residual pressure in the carotid artery 
determines the perfusion in the middle cerebral artery. One study 
found that the conscious response to clamping correlated with 
the ICA backpressure.12 The minimum pressure associated with 
no neurological deficit was 25 mmHg. This observation was subse
quently validated in patients undergoing operation with general 
anesthesia.13,14 The next method, and one that is most commonly 
used today, is continuous electroencephalographic (EEG) moni
toring. This method is sensitive, easy to use, and has the advan
tage of  providing continuous monitoring rather than a single 

 observation. Other methods used to monitor cerebral perfusion 
include  assessment of the somatosensory evoked response and 
transcranial Doppler (TCD) interrogation.

There are two possible incisions that can be used. Some sur
geons use an oblique incision in a skin crease, with the thought 
that the resulting scar will be more cosmetic in appearance. More 
 proximal or distal exposure, when required, is quite difficult to 
obtain with this incision. The alternative is an incision placed 
along a line connecting the suprasternal notch with the mastoid 
process. The surgeon can begin with a relatively short incision 
over the carotid bifurcation and extend it proximally or distally 
if  necessary. The incision is deepened through the platysma layer. 
The sternocleidomastoid muscle is mobilized until the jugular 
vein is identified. The common facial vein and any accessory 
facial veins are divided between ligatures. The vein is allowed to 
retract laterally, and the carotid artery will be found immediately 
below the vein. Care must be taken to identify the vagus nerve 
because its relationship within the carotid sheath can be quite 
variable. The CCA is circumferentially mobilized within the peri
vascular plane of Leriche. Mobilization is continued distally until 
the carotid bifurcation, ICA, and ECA are fully mobilized. The ICA 
should be exposed far enough so that circumferentially normal 
artery is encountered. If additional exposure is required, the nerve 
to the carotid sinus can be divided. This will allow the carotid 
bifurcation to drop inferiorly and permit more distal mobilization 
of the ICA. In the case of a high carotid bifurcation or long exten
sion of the plaque in the ICA, more extensive exposure of the 
ICA can be obtained by mobilizing or, if necessary, dividing the 
 posterior belly of the digastric muscle. Finally, exposure of the ICA 
to the base of the skull can be obtained by dividing the  styloid 
process. This is very rarely required.

Once the arteries are sufficiently mobilized, intravenous (IV) 
heparin is administered. The dose varies from 2500 units to 5000 
units depending upon the size of the patient and the nature of pre
operative antiplatelet agents administered. The internal, external, 
and common carotid arteries are then clamped. A longitudinal 
arteriotomy is made in the CCA and extended through the plaque 
distal to normal ICA. During this time, the EEG monitor is observed. 
If no EEG changes indicative of brain  ischemia appear with clamp
ing, the surgeon proceeds with the endarterectomy  procedure. If 
there are EEG changes with clamping, an  internal shunt is placed. 
The exception for selective shunting occurs in patients who have 
had a prior stroke on the side of operation; shunt placement can 
lessen the risk of stroke in the ischemic penumbra that surrounds 
the area of infarction.

Once the decision is made concerning the shunt, the surgeon 
proceeds with endarterectomy. Endarterectomy of the external 
carotid is blind. There should be a feathered endpoint in the ICA. 
The endarterectomy is carried to the clamp, which serves as the 
endpoint. The plaque should be cleared in the common carotid 
artery, and the proximal endpoint may require sharp division. Once 
the plaque is removed, the carotid artery is irrigated with hepa
rinized saline, and any loose bits of medial debris are  carefully 
removed. The segment between the ICA endarterectomy and 
normal intima is carefully inspected to ensure that the intima is 
adherent to the media at that level. If an intimal flap is present, it is 
carefully removed back to a point of adherence.

The arteriotomy is closed with a patch (typically Dacron) to 
prevent stenosis and accommodate any restriction from inti
mal hyperplasia that might occur with primary closure. Patch 
closure is associated with a lower incidence of postoperative 
thromboembolic complication and recurrent carotid steno
sis.15 Before the arteriotomy is completely closed, the vessels 
should be “backbled” and flushed to remove any debris. Upon 
completion of closure, flow is restored first to the ECA and then 
the ICA. At this time, it is important to verify the quality of the 
endarterectomy by intra operative duplex ultrasound scanning 
or a completion angiogram. The latter permits accurate visu
alization of the carotid artery  bifurcation and the intracranial 
portion of the repaired ICA to detect any anatomical  problems 
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or residual stenosis. If an intimal flap is seen in the ICA, the 
patch is removed and the arteriotomy extended beyond the 
flap, thereby reducing the risk of postoperative thromboembo
lism. A new patch is used to close the arterio tomy. More com
monly, an endpoint problem is found in the ECA, which can 
lead to postoperative thrombosis of the ECA and then in ret
rograde propagation of thrombus to the ICA, embolism, and 
stroke.16 When a problem is identified, the ECA is clamped both 
at its origin and distally. A transverse arteriotomy is made 
just distal to the residual lesion, and the remaining plaque 
is removed. The transverse arteriotomy is closed with inter
rupted polypropylene sutures, and flow is restored. The neck 
incision is then closed. Closure consists of a  running absorb
able suture in the platysma layer and a running absorbable 
subcuticular suture for cosmetic skin closure.

Postoperative Management
A brief postoperative neurological assessment is performed in the 
operating room following extubation. If no neurological deficits are 
noted, the patient is transferred to the recovery room for monitoring. 
Once the patient is fully awake, the blood pressure controlled, and 
the neck free of hematoma, the patient is transferred to a regular 
hospital room for overnight observation. Postoperative blood pres
sure monitoring and treatment is important. Patients often become 
hypertensive after awakening from anesthesia. Regulation of blood 
flow is impaired on the side of endarterectomy for approximately 
3 to 6 weeks, so the ipsilateral cerebral hemisphere is vulnerable 
to elevated postoperative blood pressure. Uncontrolled hyperten
sion can result in excessive perfusion pressure, the consequences 
of which range from headache to seizures and lead to intracere
bral bleeding resulting in major stroke or death. Hypotension and 
bradycardia occur from baroreceptor activation caused by stimu
lation of the nerve to the carotid sinus. This can easily be treated 
by injecting the nerve with 1% lidocaine. Following recovery from 
anesthesia, hypotension is a rare occurrence.

If the patient is stable overnight and does not have a new 
 neurological complication, he or she can be discharged the 
 following morning. The patient is instructed to resume usual medi
cations, including an antiplatelet agent.

The first postoperative visit should occur in approximately 
3 weeks, at which time a carotid duplex ultrasound scan is per
formed to assess the result of endarterectomy and establish a 
new baseline for further followup. Additional carotid ultrasound 
examinations are recommended at 6 months and then 1 year from 
the time of operation.

Complications of Carotid Endarterectomy
The mortality rate reported in large surgical trials of CEA is approxi
mately 1% and is usually cardiovascular in nature.17 This mortal
ity rate is similar to that observed in a general vascular surgical 
practice.18 The risk of stroke is approximately 2.6%.19 The principal 
etiology of postoperative stroke is embolism of thrombus or athero
matous debris.20

Cranial nerve injury occurs in up to 7% of patients, although 
permanent nerve palsy is noted in 1%.21 Several cranial nerves 
lie within the operative field, including the vagus (X), hypoglossal 
(XII), and (less commonly) glossopharyngeal (IX). The mandibular 
branch of the facial nerve (VII) may be at risk if the surgical inci
sion is made anterior to the ear instead of on a line connecting the 
mastoid process and the suprasternal notch.

Despite achieving hemostasis prior to wound closure, hemato
mas may develop. These are usually evident within the first 4 hours 
following operation. Patients with expanding hematomas should 
return to the operating room for evacuation and restitution of 
hemostasis. A bleeding source after hematoma evacuation usually 
is not found. Judicious use of heparin, particularly if the patient 
is on more than one antiplatelet agent, is important. Heparin 
reversal with protamine is associated with risk of  anaphylaxis. 

Prevention may be the best strategy. Irrigating the wound with a 
dilute  antibiotic solution and observing for bleeding sites (to be 
controlled with ligature or electrocoagulation) may be the best 
strategy.

Wound infection is rare because patients undergoing CEA 
receive prophylactic antibiotics. If a wound infection occurs, 
the patient should be hospitalized and treated with an IV anti
biotic therapy regimen. A deep wound infection may affect a 
prosthetic patch and threaten the integrity of the carotid artery.

Clinical Trials of Carotid Endarterectomy
Prospective randomized trials comparing CEA to medical manage
ment involve either symptomatic or asymptomatic patients. They 
serve as the basis for current CEA recommendations in appropri
ately selected patients.21

Symptomatic Carotid Endarterectomy Trials
The North American Symptomatic Carotid Endarterectomy Trial 
(NASCET) was a multicenter prospective randomized trial car
ried out in the United States and Canada. The trial was divided into 
two cohorts; one involved patients with carotid artery stenosis of 
70% to 99%, and the other involved patients with stenosis of 50% to 
69%. The highgrade (70%99%) stenosis component of the study 
was stopped after only 18 months because stroke morbidity and 
mortality for CEA was 9%, compared with 26% for best medical 
management.22 The second part of the study, for patients with mod
erate stenosis, went to completion. It demonstrated a 5year event 
rate after CEA of 15.7%, vs. 22.2% for medical management.23 The 
European Carotid Endarterectomy Trial (ECST) was conducted 
during the same time as NASCET. It recruited a population sim
ilar to the highgrade stenosis portion of NASCET, with similar 
findings. Stroke morbidity and mortality after CEA was 10.3%, vs. 
16.8% for medical management.24 The Veterans Administration 
Symptomatic Trial was started after the other two trials were ongo
ing. It was stopped after 189 patients were entered as the results 
of the North American and European trials were reported. Despite 
the small number of patients, the rate of stroke and crescendo TIA 
after only 12 months’ followup was 7.7% for surgery and 19.4% 
for  medical management.25 Based on these trials, CEA is recom
mended for symptomatic patients with greater than 50% stenosis.21

Asymptomatic Carotid Endarterectomy Trials
The Veterans Affairs Asymptomatic Carotid Endarterectomy Trial 
enrolled 444 asymptomatic men with carotid artery stenoses 
greater than 50% as documented by angiography. These were ran
domized to CEA plus best medical management, or best medical 
management alone. At the end of 5 years, the primary event rate of 
TIA, stroke, and death was 8% for surgery, vs. 20.6% for medical 
management.26 The ACAS trial was a multicenter prospective ran
domized trial that compared CEA plus best medical management 
to best medical management alone. At the end of 5 years, the primary 
event rate of stroke or death was 5.1% for CEA and 11% for medical 
management.11 The Asymptomatic Carotid Stenosis Trial (ACST) 
randomized 1560 patients to immediate CEA and 1560 patients 
to medical management. At the end of 5 years, the primary event 
rate for immediate CEA was 6.4%, compared with 11.8% in patients 
randomized to medical management.19 The American College of 
Cardiology/American Heart Association (ACC/AHA) guidelines 
give a class IIa recommendation for CEA for asymptomatic patients 
with carotid artery stenosis greater than 70%.

Carotid Endarterectomy Compared to Carotid 
Angioplasty/Stenting
Carotid artery angiography and stenting is described in detail in 
Chapter 32. Several clinical trials have compared CEA with carotid 
artery stenting (CAS).
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The Stenting and Angioplasty with Protection in Patients at 
High Risk for Endarterectomy (SAPPHIRE) trial was a prospective 
multicenter randomized trial of symptomatic and asymptomatic 
patients considered high risk for surgery due to coexisting medical 
morbidity or a hostile neck; 156 patients were randomized to CAS, 
and 151 were randomized to CEA. The primary composite end
point included death, stroke, and myocardial infarction (MI). The 
30day rates of death and stroke were no different between the two 
procedures, but with MI added to death and stroke, the composite 
endpoint rate for CAS was 5.8%, vs. 12.6% for CEA. These differences 
persisted for 1 year, but by 4 years, there was no difference between 
the two groups regarding eventfree survival.27,28

The Endarterectomy versus Angioplasty in Patients with Sympto
matic Severe Carotid Stenosis (EVA3 S) trial was a prospective mul
ticenter trial carried out in France. A total of 527 patients with 
greater than 60% stenosis were randomized to CEA (262) or CAS 
(265). The study was stopped early because the death and stroke 
rate at 30 days was 3.9% for CEA and 9.6% for CAS. The study patients 
were followed for 4 years, at which time the death and stroke rates 
were 6.2% for those treated with CEA and 11.1% for those treated 
with CAS.29,30

The StentProtected Angioplasty versus Carotid Endarterectomy 
for Symptomatic Stenosis (SPACE) trial, carried out in Germany, 
Austria, and Switzerland, was a prospective multicenter random
ized trial of symptomatic patients with highgrade carotid steno
ses. The hypothesis was that CAS was not inferior to CEA. Twelve 
hundred patients were randomized, but the study was stopped 
because a futility analysis was performed indicating that the pri
mary hypothesis could not be proved. At the time the study was 
stopped, the death and stroke rate for CAS was 7.7%, vs. 6.5%  
for CEA. Of note, by 2 years, the recurrent stenosis rate was 10.7% for 
CAS and 4.6% for CEA.31

The International Carotid Artery Stenting Study (ICSS) com
pared CEA with CAS. It involved 50 academic centers in the United 
Kingdom, Europe, Australia, New Zealand, and Canada. A total of 
1713 patients with highgrade carotid stenoses were  randomly 
allocated to CEA (858) or CAS (855). The primary outcomes 
were stroke, death, or procedural MI analyzed at 120 days follow
ing the procedure. The incidence of the combined endpoints of 
death, stroke, and MI in the CAS group was 8.5%, vs. 5.2% for CEA. 
Subgroup analyses of the patients who underwent pre and post
procedure MRI found that 50% of the CAS group had at least one 
new area of cerebral infarction, vs. 17% of the CEA group.32

The Carotid Revascularization Endarterectomy versus Stenting 
(CREST) trial was a multicenter prospective randomized trial of 
symptomatic and asymptomatic patients with hemodynamically 
significant carotid stenoses; it was carried out in 108 centers in the 
United States and Canada. Between the years 2000 and 2008, 2502 
patients were randomized; 47% were asymptomatic, and 53% were 
symptomatic. The initial analysis occurred after the last group 
of patients had at least 1 year of followup, and median follow
up was 2.5 years. The primary composite endpoint was peripro
cedural death, stroke in any distribution, and MI, which occurred 
in 4.5% of patients randomized to CEA and 5.2% randomized to 
CAS. The differences were not significant. The combined rate of 
death and stroke was 2.3% for CEA and 4.4% for CAS. There was 
a higher  nonfatal MI rate in the CEA group. The study identified 
age as an important differentiating factor between CEA and CAS. 
Older patients did better with CEA, and younger patients did better 
with CAS. The inflection point occurred at age 70.33 Based on these 
studies, the ACC/AHA guidelines give a class IIa recommendation 
for CEA over CAS for older patients.
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C H A P T E R  34  Pathophysiology, Clinical 
Evaluation, and Medical 
Management of Aortic Dissection
Bradley A. Maron, Patrick T. O'Gara

Acute aortic dissection is an uncommon but life-threatening 
 emergency that requires prompt diagnosis, rapid triage, and imme-
diate medical, endovascular, or surgical treatment. A unified effort 
across several international centers over the past 15 years has led 
to the establishment of a detailed registry that describes major 
aspects of presentation, management, and outcomes of patients 
with acute aortic dissection.1 This longitudinal experience has 
given new clinical insights into an old disease and spawned 
 additional  multicenter efforts to explore its genetics and patho-
biology. Although gains have been made in the delivery of 
life-saving care to patients with acute aortic dissection, hospital 
mortality rates remain distressingly high. Enhanced awareness of 
risk factors for aortic dissection, presentation features, diagnostic 
pathways, and medical, endovascular, and surgical treatment strate-
gies is a critical first step toward improving outcomes.

Epidemiology
Published figures on the incidence of aortic dissection likely under-
estimate the actual occurrence rate, since misdiagnosis of this con-
dition is common and the percentage of acute aortic dissection 
patients who expire before hospital presentation cannot be accu-
rately estimated.2 Nevertheless, acute aortic dissection is a rare 
event. Analysis of the Swedish National Cause of Death Register 
between 1987 and 2002 estimated the incidence of  thoracic aor-
tic aneurysm or dissection to be 16.3 per 100,000 men and 9.1 per 
100,000 women; others have reported acute aortic dissection to 
affect 30 in 1 million individuals per year.3 By comparison, acute 
myocardial infarction (AMI) is 140-fold more common.1 Data from 
the International Registry of Aortic Dissection (IRAD) indicate that 
the mean age of patients at presentation with aortic dissection is 
63 years, with men accounting for 63% of cases.1

Classification
Classifying aortic dissection according to anatomical location and 
time from onset of symptoms helps stratify risk and guide  selection 
of initial treatment strategy (Fig. 34-1). The Stanford classification 
system designates dissections that involve the aorta proximal to 
the brachiocephalic artery (i.e., root and ascending aorta) as 
type A, and those that do not as type B.4 This distinction is clini-
cally important because dissection involving the ascending aorta 
is a key determinate of early death and major morbidity. Location 
of the intimal tear does not influence Stanford dissection type. 
In the older DeBakey classification scheme, a type I dissection 
 originates within the ascending aorta and extends for a variable 
distance beyond the take-off the innominate artery. A DeBakey 
type II  dissection is confined to the ascending aorta, and a type III 

 dissection originates in the descending thoracic aorta beyond the 
origin of the left subclavian artery and terminates above (type IIIA) 
or extends below (type IIIB) the level of the diaphragm.5 Although 
there is no single universally accepted classification system, the 
Stanford classification scheme is most often used in practice today 
and will be used throughout this chapter. The terms communicating 
and noncommunicating refer to the presence or absence, respec-
tively,   of blood flow between the true and false lumens of the aorta.

Aortic dissection is acute if presentation occurs within 14 days 
of the onset of symptoms and chronic if more than 2 weeks 
have elapsed. Morbidity and mortality are highest within the 
acute phase; patients who have survived without treatment for 
2 weeks are self-selected for better short- and intermediate-term 
outcomes.

In practice, diagnosis of aortic dissection depends on demon-
stration with imaging of an intimal flap with separation of true and 
false lumens. In type A dissection, the true lumen is usually dis-
placed along the inner curvature of the aortic arch and continues 
caudally along the medial aspect of the descending thoracic aorta. 
Aortic branch vessel blood flow may derive from either the true or 
false lumen; alternatively, flow may be sluggish or absent within the 
false lumen, or branch vessels may be completely occluded at or 
near their origins.

Pathogenesis
Forces that weaken the medial layer of the aorta increase the prob-
ability of dilation, aneurysm formation, and dissection (Box 34-1). 
Acquired and genetic diseases that mediate this process are dis-
cussed later. In classic acute aortic dissection, the initiating event 
is an intimal tear through which blood rapidly surges distally into 
the media under systolic pressure, splitting the layers of the aortic 
wall and creating an intimal flap that separates the true from the 
false lumen.

Intimal Tear
Contemporary imaging modalities or autopsy findings identify 
the primary entry tear in approximately 90% of cases. It is most 
frequently located a few centimeters above the level of the aortic 
valve along the greater curvature of the aorta in cases of type A 
dissection and accounts for nearly 60% of all cases. Compared 
with other locations in the ascending aorta, the proximal few cen-
timeters of the greater curvature are exposed to relatively greater 
hemodynamic, shear, and torsional force. A pivot region located 
in the descending thoracic aorta just beyond the insertion of the 
 ligamentum arteriosum where the relatively mobile arch meets 
the fixed descending thoracic aorta is the second most common 
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entry site for intimal tears, which will then propagate as a type B 
dissection (30% of cases). Arch entry occurs in 7% of cases. The 
abdominal aorta is the least common site for entry (3% of cases), 
despite the high prevalence of intima media ulcers in patients with 
 atherosclerotic disease in this segment.6–8

The dissecting hematoma usually propagates in an antero-
grade direction, although retrograde extension can occur. By this 
mechanism, as many as 20% of dissections that originate in the 
distal arch or descending thoracic aorta may involve the ascend-
ing aorta.9 In rare cases, a second tear may occur, resulting in a 
three-channel dissection10 (Fig. 34-2).

Blood within the false lumen may reenter the true lumen 
 anywhere along the length of the dissection. Reentry may be 
 protective because of spontaneous decompression of the false 
lumen that may reduce the risks of rupture and/or development of 
malperfusion syndromes.

Aortic Rupture and End-Organ Malperfusion
Aortic rupture, defined as tearing in the vessel wall that results in 
extravascular hemorrhage, most commonly occurs with trauma 
(e.g., motor vehicle collision) but may occur as a complication of 
the primary dissection.11 Rupture into the pericardial space result-
ing in cardiac tamponade occurs in type A dissection, whereas 
 rupture into the left pleural space is usually encountered with type 
B dissection. Dissection-mediated end-organ ischemia or  infarction 
occurs from (1) mechanical compression of aortic branch vessels 
by false lumen hematoma, (2) extension of the dissection plane 
across the ostium of the branch vessel, or (3) dynamic vessel inlet 
obstruction caused by an oscillating intimal flap. Compromise of 

De Bakey Type IIType I Type III

Stanford

De Bakey

Type I Originates in the ascending aorta, propagates at least to the aortic arch and often beyond it
distally

Originates in and is confined to the ascending aorta

Originates in the descending aorta and extends distally down the aorta or, rarely, retrograde
into the aortic arch and ascending aorta

All dissections involving the ascending aorta, regardless of the site of origin

All dissections not involving the ascending aorta

Type II

Type III

Stanford

Type A

Type B

Acute: Presentation �2 weeks following symptom onset

Chronic: Presentation �2 weeks following symptom onset

Type A Type B

FIGURE 34-1 Aortic dissection 
type according to De Bakey and 
Stanford classification systems. 
(From Nienaber C, Eagle KA: Aortic 
dissection: new frontiers in diagnosis and 
management. Part I: from etiology to 
diagnostic strategies. Circulation 108:628–
635, 2003.)7

Genetic
Marfan's syndrome (MFS)
Ehlers-Danlos' syndrome (EDS)
Familial thoracic aortic aneurysm disease (FTAAD)
Bicuspid aortic valve (BAV) disease
Aberrant right subclavian artery
Aortic coarctation
Noonan's syndrome
Turner's syndrome
Polycystic kidney disease
Loeys-Dietz's syndrome

Acquired
Hypertension
Iatrogenic
Pregnancy
Inflammatory aortitis
Cocaine, (?)chronic amphetamine use

Box 34-1 Aortic Dissection Predisposing Factors
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coronary, brachiocephalic, mesenteric, renal, spinal, and iliac 
circulations can occur and result in a myriad of clinical presen-
tations. Occlusion of the left ventricular (LV) outflow tract by an 
intimal flap has been reported (Fig. 34-3).

False Lumen Thrombosis
Thrombosis of blood within the false lumen may seal the entry tear, 
thus eliminating communication with the true lumen and inter-
ruption of false lumen expansion. Partial thrombosis of the false 
lumen, however, has been identified as a risk factor for long-term 
death in patients with type B dissection.12,13 Elevation of  pressure 
with partial thrombosis within the false lumen may lead to  further 
extrinsic compression of the true lumen and impairment of blood 
flow to critical organs. Alternatively, it has been proposed that 
 partial thrombosis of the false lumen is associated with worse 
clinical outcomes by promoting vascular inflammation, hypoxia, 
and/or neovascularization with weakening of adjacent vascular 
 structures and an increased risk for aortic rupture.13–17

Persistent patency of the false lumen is also associated with 
a higher risk of long-term complications such as late rupture or 
false aneurysm formation requiring operative intervention.12,15–17 
Although native aortic aneurysm disease is often a risk factor for 
dissection, a dissection need not result in aneurysm formation. 
The term “dissecting aneurysm” is an inaccurate anachronism, and 

these diseases are not synonymous, a distinction that is particularly 
important when considering their natural histories and treatments.

Predisposing Genetic Factors
As is true for aneurysms, any process that leads to destruction 
or degeneration of the major supporting elements of the aortic 
media (elastin, collagen, smooth muscle cells [SMCs]) can pre-
dispose to development of dissection. The histopathological term 
medial degeneration refers to noninflammatory destruction or 
fragmentation of elastic lamellar units, dropout of SMCs, and accu-
mulation of mucopolysaccharide ground substances (not always 
in distinct cystic spaces), which characterize the final common 
pathway for a variety of processes that affect the integrity of the 
aortic media (Fig. 34-4).

Marfan's syndrome (MFS) is the most common inherited con-
nective tissue disorder, with an estimated prevalence of 1 case per 
3000 to 5000 individuals irrespective of racial, ethnic, or geographic 
considerations.18–21 If untreated, aortic disease in MFS is progressive 
and incompatible with normal longevity. Half of patients in whom 
aortic dissection occurs at younger than 40 years of age have a his-
tory of MFS.22 Mutations in the gene encoding fibrillin-1 (FBN1), 
a critical component of the microfibrils that help form cellular 
adhesions in the extracellular matrix (ECM), are largely responsible  
for disease expression.20 Medial degeneration is not pathognomic 
of MFS and may be present in numerous other conditions.23

Marfan's syndrome disease expression is heterogenous, but 
the presence of an aortic root aneurysm (aortic diameter z score 
≥2) and ectopia lentis are sufficient to make the diagnosis even 
in the absence of a family history24 (Box 34-2A). Conversely, in the 
absence of either of these two clinical features, the revised Ghent 
nosology for MFS outlines a scoring system based on the pres-
ence of FBN1 mutation and/or other key systemic features of MFS 
to make the diagnosis (Box 34-2B). Systemic features suggestive of 
MFS include positive wrist sign (entire distal phalanx of adducted 
thumb extends beyond ulnar border of the palm), positive thumb 
sign (tip of thumb covers entire fingernail of fifth finger when 
wrapped around contralateral wrist), pectus excavatum, pneumo-
thorax, dural ectasia, hindfoot deformity, and protrusio acetabuli. 
Other clinical features less strongly associated with MFS include 
mitral valve prolapse, various abnormal facial features, and thora-
columbar kyphosis.

Using an in vivo murine model of MFS, Dietz et al. demon-
strated that fibrillin-1 is a key target for binding of  transforming 
growth factor (TGF)-β, a molecule involved in activation of 
 inflammatory, fibrotic, and metalloproteinase cell signaling 

1

A B

2

3

FIGURE 34-2 Three-channeled aortic dissection. A, Computed 
tomographic image demonstrates three-channel descending aortic 
dissection in Marfan syndrome patient. B, Schematic representation 
of dissection is provided: region 1 represents thrombosed false 
lumen, region 2 is true lumen significantly diminished in size, and 
region 3 designates contrast-enhanced false lumen. (From Yoshida S, 
Shidoh M: Three channeled aortic dissection. Postgrad Med J 79:532, 
2003.)

AO

LV

FIGURE 34-3 Aortic dissection intimal flap prolapsing into left ventricle. 
Horizontal plane transesophageal echocardiographic image captures prolapse 
of intimal flap (arrows) from a proximal Stanford type A aortic (AO) dissection into 
left ventricular (LV) cavity. (From Rosenszweig BP, Goldstein S, Sherid M, et al: Aortic 
dissection with flap prolapse into the left ventricle. Am J Cardiol 77:214–216, 1996.)
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 pathways.25 To  investigate the possibility that angiotensin I (AT1)-
mediated TGF-β activation could represent a pharmacological tar-
get to modify development of aortic dilation in MFS, Habashi et al. 
studied the effects of losartan, an AT1 receptor antagonist, on aor-
tic aneurysm formation in transgenic mice encoding a cysteine-
to-glutamine substitution at position 1039 in the fibrillin-1 gene 
(Fbn1C1039G/−). Mice with this fibrillin-1 mutation, the most com-
mon class of mutation associated with MFS, demonstrate signifi-
cant and progressive aortic root dilation compared with wild-type 
mice.26 Treatment with losartan attenuated TGF-β signaling in the 
aortic wall and resulted in full normalization of aortic wall thick-
ness and a marked improvement in aortic wall architecture (i.e., 
a decrease in elastin fiber disruption) compared with placebo or 
β-adrenergic receptor antagonist therapy with propranolol.

These landmark observations have advanced understanding of 
the molecular basis of MFS and provided new targets for therapy. In 
one small clinical trial in young MFS patients, initiation of losartan 
resulted in a significant decrease in rate of growth of the  aortic root 
(mean change 0.46 ± 0.62 mm/yr vs. 3.5 ± 2.8 mm/yr prior to treat-
ment; P < 0.001).27 These findings were supplemented by Ahimastos 
et al., who conducted a randomized placebo-controlled clinical 
trial testing the effect of the angiotensin-converting enzyme inhibi-
tor (ACEI) perindopril on aortic root diameter and aortic  stiffness 
in 17 MFS patients.29 At 24 weeks, circulating TGF-β levels and 
 central pulse wave velocities were lower and aortic root diameters 
were smaller in perindopril-treated patients. Several larger random-
ized clinical trials directed at modulating TGF-β  signaling are ongo-
ing (clinicaltrials.gov; NCT00683124, NCT00782327 NCT00429364, 
NCT00723801).

Limited forms (i.e., forme frustes) of MFS that feature cardio-
vascular manifestations include mitral valve prolapse syndrome 
(MVPS) (mitral valve prolapse, pectus excavatum, scoliosis, and 
mild arachnodactyly) and the MASS phenotype (myopia, mitral 
valve prolapse, borderline and nonprogressive aortic root dilation, 
skeletal findings and striae). There is increasing awareness of famil-
ial thoracic aortic aneurysm disease (FTAAD), though  candidate 
genes affecting both matrix and SMC components have been iden-
tified in only 20% of such patients. Vascular-type Ehlers-Danlos' 
 syndrome (EDS) is associated with arterial rupture and dissection, 
including the aorta.24,28

Ehlers-Danlos' syndrome (1:5000 births) comprises a heteroge-
neous group of  disorders characterized clinically by hypermobile 
joints, hyperextensible skin, tissue fragility, and a predisposition to 
spontaneous vascular rupture. Aortic involvement occurs in EDS 
type IV, an autosomal dominant disorder attributed to structural 
defects in the  pro-α1 (III) chain of type III collagen, encoded by 
the COL3A1 gene on chromosome 2q31.30

FTAAD has been mapped to other genetic loci, including 
16p13.11 (MYH11 gene), 5q13-14, and 11q23.2-q24, which are not 
associated with abnormalities of fibrillin or collagen.31,32 More 
than five mutations in the fibrillin-1 gene have been identified in 
patients with familial or spontaneous thoracic aortic aneurysm 
and  dissection, with histopathological changes characteristic of 

FIGURE 34-4 Cystic medial 
degeneration. A, Hematoxylin and 
eosin microscopic section of aorta 
reveals fragmentation and loss of 
elastin fibers with cyst-like structures 
present within media. B, Movat 
pentachrome stain emphasis medial 
interlamellar cystic “drop out.” (From 
Maleszewski JJ, Miller DV, Lu J, et al: 
Histopathologic findings in ascending 
aortas from individuals with Loeys-
Dietz syndrome [LDS]. Am J Surg Pathol 
33:194–201, 2009.)

AA
200 µm 200 µm200 µm

BB

In the Absence of Family History
(1) Ao (z ≥2) and EL = MFS†

(2) Ao (z ≥2) and FBN1 = MFS
(3) Ao (z ≥2) and Syst (≥7pts) = MFS†

(4) EL and FBN1 with known Ao = MFS
EL with or without Syst and with an FBN1 not known with Ao or no  

FBN1 = ELS
Ao (z <2) and Syst (≥5 with at least one skeletal feature) without  

EL = MASS
MVP and Ao (z <2) and Syst (<5) without EL = MVPS

In the Presence of Family History
(5) EL and FH of MFS (as defined above) = MFS
(6) Syst (≥7 pts) and FH of MFS (as defined above) = MFS†

(7) Ao (z ≥2 above 20 years old, ≥3 below 20 years old) + FH of MFS  
(as defined above) = MFS†

Box 34-2A  Revised Ghent Criteria for Diagnosis 
of Marfan's Syndrome and Related 
Conditions*

Ao, aortic diameter at the sinuses of Valsalva above indicated z-score or aortic root dissection; 
EL, ectopia lentis; ELS, ectopia lentis syndrome; FBN1, fibrillin-1 mutation; FBN1 not known 
with Ao, FBN1 mutation that has not previously been associated with aortic root aneurysm/
dissection; FBN1 with known Ao, FBN1 mutation that has been identified in an individual 
with aortic aneurysm; MASS, myopia, mitral valve prolapse, borderline (z <2) aortic root 
 dilation, striae, skeletal findings phenotype; MFS, Marfan's syndrome; MVPS, mitral valve 
prolapse  syndrome; Syst, systemic score (see Box 34-2B); z, z-score.

*In general, MFS is diagnosed in the presence of aortic root dilation/dissection and ectopia 
 lentis; aortic root dilation/dissection plus FBN1 mutation; aortic root dilation plus sufficient 
 systemic findings (Box 34-2B, ≥7 points); ectopia lentis plus FBN1 mutation previously 
 associated with  aortic disease; or in an individual with a positive family history of MFS, the 
diagnosis is made in the presence of ectopia lentis, or a systemic score ≥7 points, or aortic 
root dilation.
†Caveat: without discriminating features of Shprintzen-goldberg's syndrome, Loeys-Dietz's 
syndrome, or vascular Ehlers-Danlos' syndrome and after TgFBA1/2, collagen biochemistry, 
CoL3A1 testing if indicated. other conditions/genes will emerge with time.

Wrist and thumb sign: 3 (wrist or thumb sign: 1)
Pectus carinatum deformity: 2 (pectus excavatum or chest asymmetry: 1)
Hindfoot deformity: 2 (plain pes planus: 1)
Pneumothorax: 2
Dural ectasia: 2
Protrusio acetabuli: 2
Reduced uS/LS and increased arm/height and no severe scoliosis: 1
Scoliosis or thoracolumbar kyphosis: 1
Reduced elbow extension: 1
Facial features (3/5): 1 (dolichocephaly, enophthalmos, downslanting 

palpebral fissures, malar hypoplasia, retrognathia)
Skin striae: 1
Myopia >3 diopters: 1
Mitral valve prolapsed (all types): 1

Box 34-2B Scoring of Systemic Features

From Loeys BL, Dietz HC, Braverman AC, et al: The revised ghent nosology for the Marfan's 
syndrome. J Med genet 47:476–485, 2010.24

Maximum Total: 20 points; score ≥7 indicates systemic involvement.
uS/LS, upper segment/lower segment ratio.
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medial degeneration, yet with no demonstrable abnormalities 
of collagen or fibrillin in fibroblast culture.33,34 Polymorphisms 
encoding the gene vitamin K epoxide reductase complex sub-
unit 1 (VKORC1), which results in under-carboxylation of spe-
cific matrix proteins, are associated with calcification of the 
arterial wall. In patients carrying the C allele (CT or CC), a rela-
tive two-fold increase in the probability of developing aortic dis-
section has been observed.35 A missense mutation in the ACTA2 
gene that encodes for actin filaments in SMCs is linked to 14% of 
patients with FTAAD.36 As a consequence of this mutation, intra-
cellular actin filament assembly is disrupted, promoting focal 
areas of SMC disarray, decreased SMC contraction, and medial 
degeneration of the aorta. This phenotype is felt to be associ-
ated with aortic wall weakening and increased predisposition 
to dissection.

Bicuspid aortic valve (BAV) disease is the most common con-
genital cardiac anomaly in adults (4:1000 live births) and is often 
accompanied by an aortopathy that is histologically similar but 
less severe than that observed in patients with MFS. Similar patho-
logical changes have been described in patients with aortic coarc-
tation (many of whom have BAV disease), Noonan's syndrome, 
Turner's syndrome, and polycystic kidney disease. Dilation of the 
root and (more commonly) the ascending aorta is present in up to 
40% of patients with BAV disease and is a risk factor for dissection 
or rupture (Fig. 34-5).

Acquired Disorders
Systemic hypertension is the most common treatable risk factor for 
aortic dissection and is present in approximately 75% of patients.2 
Hypertension accelerates the normal aging process and leads to 
intimal thickening, SMC apoptosis, fibrosis, loss of elasticity, and 
compromise of nutritive blood supply. Decreased aortic compli-
ance and vulnerability to pulsatile forces predispose to injury and 
create a substrate for dissection.

Iatrogenic Dissection
In the IRAD registry, iatrogenic aortic dissection after cardiac sur-
gery or catheterization accounted for 5% of the total reported.37 
Older age, hypertension, and severe peripheral vascular disease 
are risk factors associated with procedure-related dissection.38 
Pain may be absent in iatrogenic dissection. Retrograde dissec-
tions created at the time of catheterization usually seal spon-
taneously on withdrawal of the catheter. Aortic atherosclerotic 
plaques may  prevent longitudinal propagation of a dissection. 
Dissections arising from sites where the aorta has been incised or 

cross-clamped may occur intraoperatively or at any time  following 
surgery. Deceleration injury from high-speed accidents results in 
aortic transection with false aneurysm formation and rupture, 
most  commonly in the region of the aortic isthmus just beyond the 
 origin of the left subclavian artery. Transection results in a transmu-
ral tear that is different both pathologically and etiologically from 
 aortic dissection.

Dissection in Pregnancy
Aortic dissection as a complication of pregnancy is rare, although 
by some estimates 50% of all dissections in women younger 
than 40 occur during labor, delivery, or early after childbirth.39 
Histopathological changes affecting the aortic media of preg-
nant women have been described, including alterations in elastic 
fibers and SMCs.40 Both estrogen and relaxin are associated with 
alterations in matrix metalloproteinase (MMP) homeostasis and 
contribute to vascular remodeling and a susceptibility to injury 
independent of the hemodynamic stress of labor and delivery. In 
many cases, pregnancy unmasks primary conditions that predis-
pose to aortic  dissection (e.g., MFS). In those patients with preex-
isting MFS or BAV disease, aortic root size greater than 4.0 cm is a 
contraindication to pregnancy, owing to increased risk for sponta-
neous rupture or dissection.2

Drug Use and Other Acquired Conditions
Recent cocaine use, particularly among young men who smoke 
tobacco, is an additional risk factor for aortic dissection.41 Among 
38 patients with acute aortic dissection occurring over a 20-year 
period in an urban center, 37% reported cocaine (in particu-
lar, crack cocaine) use within the preceding 24 hours (mean 
12 hours). Chronic amphetamine use and/or dependence appear 
to increase the probability of developing a thoracoabdominal 
aortic dissection in those aged 18 to 49 years.42 Presumed mecha-
nisms for aortic injury from cocaine and amphetamine use involve 
 oxidant stress–mediated endothelial dysfunction and extreme 
 catecholamine-induced shear forces, with abrupt hypertension 
and tachycardia that collectively lead to weakening of the aortic 
media and predisposition to tearing.

Inflammatory diseases of the aorta can lead to destruction of 
ECM proteins and SMCs, with subsequent aneurysm formation 
and/or dissection. Aortic dissection has been reported in patients 
with Takayasu's disease, giant cell aortitis, Behçet's disease, relapsing 
polychondritis, systemic lupus erythematosus (SLE), and the aor-
titis associated with inflammatory bowel disease.2 Syphilitic aorti-
tis, on the other hand, does not predispose to dissection,  perhaps 

A B

FIGURE 34-5 Bicuspid aortic valve 
(BAV) with aortic dilation. Electrocardio-
gram (ECG)-triggered breath-hold 
contrast-enhanced magnetic resonance 
angiography (MRA) using a 1.5-T imager 
demonstrates (A) bicuspid aortic valve 
(arrows) and (B) signi ficant dilation of 
the root and proximal ascending aorta. 
(From Arpasi PJ, Bis KG, Shetty AN, et al: 
MR angiography of the thoracic aorta 
with an electrocardiographically triggered 
breath-hold contrast-enhanced sequence. 
Radiographics 20:107–120, 2000.)
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because of intense reactive medial scarring and fibrosis that occurs 
in response to the spirochetal infection. Pheochromocytoma 
and weight lifting (believed due to intense or repetitious Valsalva 
maneuvers) also predispose to aortic dissection.

Clinical Presentation
The most important element of any diagnostic algorithm for sus-
pected acute aortic syndrome is a high clinical index of suspicion, 
based foremost on the presenting history and physical examina-
tion (Box 34-3). Absent an appreciation for the cardinal features 
of dissection, the diagnosis can be missed in a substantial num-
ber of patients. Simple clinical prediction rules have been devel-
oped to estimate probability of acute aortic dissection.43 The IRAD 
investigators have recently confirmed the sensitivity of 12 clinical 
risk markers proposed in the 2010 American College of Cardiology 
Foundation/American Heart Association (ACCF/AHA) thoracic 
aortic disease guidelines2 (Table 34-1). These markers, assessed 
at bedside, were divided into three distinct categories: predispos-
ing factors, characteristics of the pain at time of presentation, and 
key physical examination findings.44 The presence of risk factor(s) 
from at least one category identified 95.7% of acute aortic dissec-
tion patients in the IRAD database.

History
Diagnosis of aortic dissection may be missed on initial clinical 
evaluation in about a third of cases, and an equal number are 
detected only at autopsy.1,44 Chest pain is the dominant feature of 
the clinical presentation and occurs in over 90% of patients.2 It is 
qualitatively severe and may in many cases be distinguished from 
coronary ischemia by abrupt onset and maximal intensity at incep-
tion. More than 84% of aortic dissection patients described chest 
pain as “worst ever” in the IRAD registry.2,45 The pain is character-
ized as sharp more often than tearing or ripping in nature, and may 
radiate or be sensed anteriorly (suggestive of type A dissection) 
or in the interscapular, lower back, or abdominal area  (suggestive 
of type B dissection). Visceral discomfort or limb pain may be 
 indicative of aortic branch vessel ischemia from malperfusion.

Syncope is a particularly ominous presenting symptom and may 
reflect cardiac tamponade from intrapericardial aortic rupture, 
cerebral malperfusion, and/or neurally mediated hypotension in 
response to the intense pain of the dissection. In the IRAD registry, 
patients with syncope were more likely to die in the hospital or 
suffer a stroke. Neurological complications are noted in up to 20% 
of aortic dissection patients. For example, paraplegia may develop 
when critical impairment of flow to the anterior spinal artery, tho-
racic intercostals, or the artery of Adamkiewicz occurs. Abdominal 
pain is an underrecognized symptom of acute aortic dissection; 
when present, it is associated with elevated in-hospital mortality 
and increased frequency of malperfusion syndromes.2,43,44

Numerous other less common clinical manifestations of  aortic dis-
section may be evident on initial evaluation and include Horner's syn-
drome (compression of the superior cervical  ganglion), hoarseness 
(pressure against the recurrent laryngeal nerve), hemoptysis (rup-
ture into a bronchus), hematemesis  (perforation into the esophagus), 
ischemic enterocolitis (mesenteric artery  compromise), and fever of 
undetermined source (pyrogens released from the false lumen).

Physical Examination
Patients with acute aortic dissection appear ill, uncomfortable, 
and apprehensive. Hypertension is present in more than two thirds 
of type B dissection patients and in approximately one third of 
type A patients.1,2 A murmur of aortic regurgitation can be heard 
in approximately 40% of patients with type A dissection.37 Due to 
rapid equilibration of aortic and LV diastolic pressure from acute 
aortic valve regurgitation, the murmur is usually of shorter duration, 
lower in pitch, and of lesser intensity than the diastolic murmur 
of chronic severe aortic regurgitation. Additional auscultatory 
 findings include a soft first heart sound and a grade 1 or 2 midsys-
tolic murmur at the base or along the left sternal border.

An inverse correlation between the presence of pulse deficits 
and mortality is observed in acute aortic dissection.46 Furthermore, 
pulse deficits may obscure accurate blood pressure assessment, as 
in pseudohypotension, which arises from an inability to measure 
central aortic pressure when bilateral subclavian and/or femoral 
artery compromise is present. Thus, invasive intraarterial monitor-
ing may be necessary in aortic dissection patients.

Elevation of jugular venous pressure, especially with pulsus par-
adoxus, may indicate pericardial involvement with tamponade. 
Superior vena cava syndrome can rarely occur with compression 
by an expanding false aneurysm along the greater curvature of the 
ascending aorta. Thoracic dullness to percussion and decreased 
breath sounds suggests pleural effusion, which is more common 

Aortic dissection
Intramural hematoma
Penetrating aortic ulcer
Rapid aneurysm expansion
Trauma

Box 34-3 Acute Aortic Syndromes

Adapted from Hiratzka LF, Bakris gL, Beckman JA, et al: 2010 ACCF/AHA/AATS/ACR/
ASA/SCA/SCAI/SIR/STS/SVM guidelines for the diagnosis and management of patients 
with thoracic aortic disease. J Am Coll Cardiol 55:e27, 2010.2

AORTIC 
DISSECTION 
DETECTION 

RISK 
CATEGORY

 
 
 
 
CLINICAL CHARACTERISTICS

 
 
 

% OF PATIENTS 
(N = 2538)

1 MFS  4.3

1 Family history of aortic disease  1.9

1 Known aortic valve disease 11.9

1 Recent aortic manipulation  2.8

1 Known thoracic aortic aneurysm 14.7

2 Abrupt onset of pain
Severe pain intensity

79.3
72.7

2 Ripping or tearing pain 21.7

3 Pulse deficit or systolic blood 
 pressure differential

20.3

3 Focal neurological deficit  
(in conjunction with pain)

10.8

3 Murmur of aortic insufficiency (new 
or in conjunction with pain)

23.6

3 Hypotension/shock 16.0

TABLE 34-1

  Percentage of Patients in the International 
Registry of Acute Aortic Dissection (1996–
2009) with Each of 12 High-Risk Clinical 
Markers Observed at Time of Presentation 
with Acute Aortic Dissection*

*The aortic dissection detection (ADD) score aims to enhance early diagnosis of acute aortic 
dissection. The ADD score is calculated by determining the number of categories in which any 
of 12 high-risk clinical features are present in patients with symptoms suggestive of acute aor-
tic dissection. For example, in a patient with a family history of aortic disease (category 1) and  
known thoracic aneurysm (also category 1), the ADD score would be 1. Likewise, the ADD score is 
2 in a patient with Marfan's syndrome (category 1) and a blood pressure differential (category 
3). A retrospective analysis of the International Registry of Acute Aortic Dissection determined 
that among 2538 patients with acute aortic dissection, 95.7% had an ADD score ≥1. The ADD 
score may therefore provide the clinician with a simple and effective bedside method to inform  
further diagnostic testing and/or treatment in patients with  suspected  aortic dissection. Importantly, 
the negative predictive value for acute aortic  dissection in patients with an ADD score of 0 
has not yet been established.
MFS, Marfan's syndrome. 
From Rogers AM, Hermann LK, Booher AM, et al: Sensitivity of the aortic dissection detection 
risk score, a novel guideline-based tool for identification of acute aortic dissection on initial 
presentation. Circulation 123:2213–2218, 2011.44
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in the left chest and not necessarily indicative of rupture. In fact, 
pleural effusions are quite frequent with both type A and B dis-
sections; they are usually sympathetic in nature, reflective of the 
intense inflammation associated with the acute tear.

Laboratory Testing
BIOMARKERS

Plasma smooth muscle myosin heavy chain protein, D-dimer, and 
high-sensitivity C-reactive protein (CRP) have been proposed as 
potentially useful biomarkers to assist with point-of-care diagnosis 
of aortic dissection. In one study of 95 patients with acute aortic dis-
section, elevated levels of circulating smooth muscle myosin heavy 
chain protein (>2.5 μg/L) had a sensitivity of 90% and a specific-
ity of 98% compared with healthy controls when measured within 
3 hours of presentation.47 In this analysis, smooth muscle myosin 
heavy chain protein levels were elevated in all patients  presenting 
with a proximal or type A dissection.

Soluble elastin fragment (sELAF) levels have also been pro-
posed to be a useful biomarker for the early detection of acute aor-
tic dissection. Despite a natural rise with age in the concentration 
of sELAF levels detected in plasma, a level more than 3 standard 
deviations above normal for age is associated with a 64% positivity 
rate in acute aortic dissection, compared with 2% for patients with 
AMI. Interestingly, patients with complete false lumen thrombosis 
appear to have no detectable sELAF.48

Suzuki et al. conducted a multicenter study of 220 patients with 
suspected acute aortic dissection.49 A D-dimer level of less than 
500 ng/mL when drawn within 24 hours of symptom onset was asso-
ciated with a negative likelihood ratio (LR) for aortic dissection of 
0.07. Consistent with these data, findings from one large meta-analy-
sis of 734 patients demonstrated that an elevated D-dimer level had 
a 97% sensitivity and 96% negative predictive value for identifying 
acute aortic dissection. Conversely, an elevated D-dimer is less effec-
tive at “ruling-in” aortic dissection, with a specificity of 56% and posi-
tive predictive value of 60%.50 An early rapid increase in CRP levels 
following acute aortic dissection has been observed, with levels fall-
ing rapidly 24 hours following symptom onset.51 Although less well 
studied in aortic dissection, calponin, a counterpart protein to tro-
ponin in vascular SMCs, may provide enhanced specificity for early 
detection of type A aortic dissection, but requires comprehensive 
testing in advance of clinical application.52

Other Point-of-Care Tests
The chest x-ray is abnormal in 80% to 90% of patients with aor-
tic dissection, but is an insufficient tool to rule out this condition, 
particularly when pathology is confined to the ascending aorta.53 
Findings suggestive of aortic dissection include mediastinal wid-
ening, disparity in the caliber of the ascending and descending 
thoracic aortic segments, a localized bulge or angulation along 
the normally smooth border of the aorta, displacement of intimal 
calcium (especially in the region of the aortic knob), and a dou-
ble density appearance. Associated findings may include cardio-
megaly (pericardial effusion) and pleural effusion (left > right). 
Effusions that occupy more than 50% of the chest cavity may be 
indicative of rupture with hemothorax.

Nonspecific electrocardiographic (ECG) repolarization abnor-
malities are present in approximately 40% of dissection patients.37 
Changes indicative of active ischemia may be found in 15% of 
patients, and findings suggestive of AMI (new Q waves, ST-segment 
elevation) are present in a small minority (3%) of cases.37 A thor-
ough assessment is critical to avoid initiation of acute reperfusion 
therapy in this setting.

Diagnostic Imaging
Retrograde aortography, the original diagnostic gold standard for 
aortic dissection, has been almost completely replaced by trans-
esophageal echocardiography (TEE) and computed  tomographic 

angiography (CTA). Magnetic resonance  imaging/angiography 
(MRI/MRA) is much less frequently performed in the acute 
 setting. Sensitivity and specificity of these three noninvasive tech-
niques are essentially equivalent and exceed 90% in most series.2 
Choice of imaging technique depends chiefly on availability, 
speed, safety, and local expertise in performance and interpreta-
tion. A second test is frequently needed for clarification when the 
first study is abnormal but nondiagnostic. Regardless of the diag-
nostic sequence employed, an institutional commitment to rapid 
imaging of critically ill patients is critical. Essential features to be 
defined for both treatment and prognosis include presence or 
absence of ascending aortic involvement, entry and reentry sites, 
pericardial and aortic valve involvement, extent of the dissection, 
major branch vessel compromise, and the anatomical substrate for 
potential malperfusion syndrome(s).

TRANSESOPHAGEAL ECHOCARDIOGRAPHY

A surface transthoracic echocardiogram (TTE) alone is not 
 sufficient for diagnosis and characterization of aortic dissection 
in most cases.54 However, when combined with TEE, the sensitivity 
and specificity of these tests reaches 99% and 89%, respectively54 
(Fig. 34-6). Transthoracic echocardiogram should not delay perfor-
mance of TEE, which can be accomplished at the bedside in the 
emergency department or in the operating room within 15 to 20 
minutes. Oropharyngeal anesthesia and conscious sedation are 
required, with simultaneous monitoring of heart rate and rhythm, 
blood pressure, and oxygen saturation. Orthogonal and longitu-
dinal scan planes combined with M-mode, two-dimensional (2D), 
and Doppler profile  interrogation provide information regarding: 
(1) entry and reentry sites, (2)  longitudinal extent and oscillation 
of the intimal flap, (3) flow velocity and direction within the true 
and false lumens, (4) spontaneous contrast or thrombus within the 
false lumen, (5) aortic valve  competence and mechanism of regur-
gitation, (6) ostial coronary artery involvement, (7) pericardial effu-
sion, and (8) global and regional LV function. In most cases, the true 
lumen is differentiated from the false lumen by observing systolic 
expansion and diastolic collapse, absence or minimal spontaneous 
echo contrast, and/or an antegrade Doppler signal. However, vessel 
diameter alone is not sufficient for making this determination. In 
ambiguous cases (e.g., with a large false lumen), a pressure  gradient 
between true and false lumen between 10 and 25 mmHg may be 
observed by continuous wave Doppler interrogation.55,56

A series of small echo “blind spots,” however, lie in the distal por-
tion of the ascending aorta, anterior portion of the aortic arch, 
and anterior to the trachea and left mainstem bronchus. Signal 

TL

FL

FIGURE 34-6 Proximal aortic dissection imaged by transesophageal 
echocardiography (TEE). Horizontal plane TEE image of Stanford type A 
aortic dissection reveals a true lumen (TL) diminished in size and false lumen 
(FL) extending circumferentially. A communication through the dissection 
flap that joins the TL and FL is present (arrow). (From Meredith EL, Masani ND: 
Echocardiography in the emergency assessment of acute aortic syndromes. Eur J 
Echo 10:i31–i39, 2009.)
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dropout may occur in the presence of free fluid around the 
aorta or  pericardium, present in some cases of traumatic aortic 
penetration.

COMPUTED TOMOGRAPHIC ANGIOGRAPHY

Multislice CTA using rapid acquisition protocols and postprocess-
ing of the volumetric data (multiplanar reformatting, maximum 
intensity projection (MIP), shaded surface display, volumetric 
 rendering) provides highly detailed and visually familiar anatom-
ical images (Fig. 34-7; also see Chapter 14). The diagnostic accu-
racy of 64-slice CTA approaches 100% for aortic dissection.57 The 
intimal flap appears as a thin, low attenuation, linear or spiral 
structure that separates the true and false lumens. Additional 
findings include displacement of intimal calcium, delayed con-
trast enhancement of the false lumen, and aortic widening. 
Branch vessel involvement anywhere along the course of the aorta 
to the level of the iliac arteries can be precisely displayed. In addi-
tion, CTA can visualize the proximal third of the coronary arteries. 
Limitations to CTA include exposure to intravenous contrast and 
ionizing radiation. In addition, CTA is an anatomical study; nei-
ther aortic valve nor LV function can be rapidly assessed. Motion 
artifact, mural thrombi, and image artifacts may negatively affect 
study accuracy.57 Dedicated emergency department scanners are 
now widespread, and studies can be obtained, reconstructed, 
and interpreted within 15 to 20 minutes. Computed tomographic  
angiography has several advantages  relative to MRA, including 
wider availability, quicker throughput, higher spatial  resolution, 
absence of arterial flow-related artifacts, and the capability to 
visualize calcification and metallic implants.

MAGNETIC RESONANCE IMAGING/ANGIOGRAPHY

Contemporary MRI technology affords rapid scanning with the 
ability to cover a wide field of view and a comprehensive analysis 
of dissection anatomy and extraaortic involvement57,58 (Fig. 34-8; 
also see Chapter 13). Magnetic resonance imaging allows for 
assessment of pericardial involvement, aortic regurgitation, proxi-
mal coronary artery involvement, and LV function. The 0.5-tesla 
(T) magnet and modern gating software allow for expedited scan-
ning across multiple levels during a single breath hold. Despite 
these advances, MRI is infrequently used as the initial imaging 
study in patients with suspected acute aortic syndromes. Reasons 
for its limited use in the acute setting include lack of widespread 
availability, difficulties with patient transport to and monitoring 
within MRI scanners, and presence of implanted cardiac devices 
or metallic clips. Nevertheless, MRI can provide excellent imaging 
of false lumen thrombus, intramural hematoma, and penetrating 
atherosclerotic ulcers.57,58

INVASIVE AORTOGRAPHY

The risk for catheter-related injury, length of time required to 
assemble necessary personnel in an emergency situation, use of 
contrast and ionizing radiation, low sensitivity (77%), and avail-
ability of highly accurate noninvasive imaging techniques have 
significantly decreased use of invasive aortography as an initial 
diagnostic test for acute aortic dissection.59 Aortography is particu-
larly limited in diagnosing noncommunicating aortic dissections, 
intramural hematomas, and penetrating ulcers.2 Inadvertent injec-
tion into the false lumen or equal and rapid opacification of true 

FIGURE 34-7 Planar computed 
tomographic angiogram (CTA) 
and three-dimensional (3D) 
reconstructed images of Stanford 
type A aortic dissection. A, 
Coronal CTA image delineates 
dissection plane that separates true 
lumen (TL) from false lumen (FL).  
B, 3D reconstruction imaging in 
same patient provides enhanced 
spatial resolution after surgical repair 
of aortic dissection and surrounding 
anatomical structures. In this case, 
aortic dissection extends from aortic 
root to innominate and left subclavian 
arteries, continues through aortic 
arch and into descending aorta, with 
termination near bifurcation of left 
common iliac artery (CIA).

TL

A B

FL

TL FL

FIGURE 34-8 Contrast-enhanced magnetic resonance angiography 
(MRA) of aortic dissection. Maximal intensity projection (MIP) images 
of a thoracoabdominal aortic dissection reveal a hyperintense true lumen 
(TL) and hypointense false lumen (FL). (From Liu Q, Lu JP, Wang F, et al: Three-
dimensional contrast enhanced MR angiography of aortic dissection: a pictorial 
essay. Radiographics 27:1311–1321, 2007.)
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and false lumens without obvious aortic dilation may make cor-
rect diagnosis of aortic dissection difficult. Invasive angiography is 
a feature of any catheter-based intervention.

INTRAVASCULAR ULTRASOUND

Low-frequency (<20 MHz) intravascular ultrasound (IVUS) affords 
maximal signal penetration of the aortic wall and nearly 100% diag-
nostic accuracy for aortic dissection in a procedure that can be 
completed in less than 10 minutes.58,60 This method provides clear 
delineation of several key findings, including entry points, longitu-
dinal and circumferential extent, luminal dimensions and contour, 
and thrombus if present. Intravascular ultrasound is infrequently 
used as a second imaging technique for diagnosis in patients for 
whom false-negative results on invasive aortography are suspected, 
and femoral access has been obtained. Intravascular ultrasound may 
also have a role during performance of endovascular procedures.

CORONARY ANGIOGRAPHY

Selective coronary angiography is neither indicated nor advis-
able in anticipation of emergency surgery for type A dissection.61 
Operative mortality is generally not related to myocardial ischemia 
but rather to aortic rupture, so performance of angiography con-
sumes valuable time before life-saving surgery. Systematic preop-
erative coronary angiography for hemodynamically stable chronic 
type A dissection patients is a subject of debate.54,62 Preoperative 
coronary angiography is reasonable in type A dissection patients 
who have a history of previous coronary artery bypass graft surgery, 
or in type B patients with unstable angina prior to planned aortic 
and/or coronary intervention. Identification of high-grade athero-
sclerotic disease of native coronary arteries and/or coronary artery 
bypass graft(s) affords determination of the optimal operation 
for patients requiring ascending aortic surgery. However, in these 
instances, the potential for incorporating additional surgical proce-
dures beyond repairing the dissection should be evaluated on a 
case-by-case basis.

Differential Diagnosis
Other Acute Aortic Syndromes
Aortic transection from deceleration injury and traumatic aor-
tic valve disruption with acute severe aortic regurgitation occur 
in the setting of high-speed vehicular accidents or vertical falls. 
The nontraumatic acute aortic syndromes, however, are often not 
 distinguishable from classic dissection on clinical grounds alone, 
but rather are delineated with cross-sectional imaging.

AORTIC INTRAMURAL HEMATOMA

Intramural hematoma (IMH) is defined as a contained  collection of 
blood within the wall of the aorta, without evidence of an intimal 
flap, entry tear, or double lumen (Fig. 34-9). Mechanisms to account 
for IMH include primary rupture of the nutrient vasa vasorum or 
a limited intimal tear that cannot be detected with imaging.62–64 
Intramural hematoma is observed clinically in about 20% of cases 
of suspected acute aortic dissection and is discovered at autopsy 
in 5% to 13% of acute aortic syndrome cases.2,64 Approximately 10% 
of aortic IMHs undergo spontaneous resorption. Predicting evolu-
tion to dissection, rupture, aneurysm formation, or false aneurysm 
development is difficult. Type A IMH thickness greater than 11 mm 
is an independent risk factor for death, surgery, or progression to 
dissection.64,65 Likewise, an ascending aortic diameter greater than 
4.8 cm is a high-risk feature.2,62–65 Aortic IMH is managed according 
to the same principles that pertain to aortic dissection, including 
surgery for type A disease, surveillance imaging, and intervention 
for downstream complications.

Diagnosis of IMH by TEE requires visualization of crescentic or cir-
cumferential wall thickening of more than 0.7 cm or identification of 
fresh thrombus within the aortic wall. Computed tomographic angi-
ography and MRA are more accurate than TEE for  distinguishing 

IMH from aortic  aneurysm with mural thrombus, severe atheroscle-
rosis, or aortitis with medial inflammation and edema.

PENETRATING ATHEROSCLEROTIC AORTIC ULCER

An inflamed atherosclerotic plaque that disrupts normal aor-
tic wall architecture may result in erosion of the internal elastic 
membrane, allowing luminal blood to burrow into the media of 
the aorta and beyond. Penetrating atherosclerotic aortic ulcers 
(PAUs) are most commonly seen in the mid- to distal descend-
ing thoracic aorta in older persons with a heavy burden of athero-
sclerotic  disease. They appear as irregular craters or outpouchings 
of contrast (Fig. 34-10) and may result in IMH formation or frank 
 dissection. Ganaha et al. observed in a retrospective analysis of 65 
symptomatic IMH patients with PAU that ulcer depth (>1.0 cm) and 
diameter (>2.0 cm) positively correlated with disease progression 
(i.e., IMH expansion, aortic rupture, propagation of dissection).66 
Others suggest that PAU location in the proximal segment of the 
descending thoracic aorta, and refractory symptoms rather than 
presence of an ulcer per se is most worrisome.67 Medical manage-
ment with vigilant clinical and radiological follow-up is advised for 
the initially uncomplicated descending thoracic PAU. Surgery or 
endovascular stent grafting when feasible can be undertaken for 
failed medical therapy, pseudoaneurysm, or rupture.

FIGURE 34-9 Aortic intramural hematoma (IMH). Axial multidetector 
computed tomographic angiographic (CTA) image acquired at level of aortic 
arch reveals circumferential rind (arrows) that does not enhance with contrast. 
(From Takahashi K, Stanford W: Multidetector CT of the thoracic aorta. Int J 
Cardiovasc Imaging 21:141–153, 2005.)

*

FIGURE 34-10 Penetrating atherosclerotic ulcer (PAU). Transesophageal 
echocardio graphic (TEE) image of anterior aortic arch wall demonstrates 
outpouching from ulcer-like crater. (From Firschke C, Orban M, Andrássy P, et al: 
Images in cardiovascular medicine. Penetrating atherosclerotic ulcer of the aortic 
arch. Circulation 108:e14–e15, 2003.)
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ACUTE ANEURYSM EXPANSION

Acute painful expansion of a previously established aortic aneu-
rysm may herald impending rupture. Aortic aneurysm due to ath-
erosclerosis (especially abdominal or descending thoracic in 
location) is particularly susceptible to sudden expansion, although 
this phenomenon occurs with aortitis and other diseases such as 
MFS. Imaging studies in the former disease states may reveal wall 
thickening and periaortic stranding or hematoma, as well as a 
measurable increase in aortic dimensions when compared with 
available past studies. Rapid expansion of the Marfan aorta occurs 
for reasons not related to inflammation, but when present may be 
even more worrisome. Urgent surgical referral is indicated.

Nonaortic Diseases
Chest or back pain may be the presenting symptom of a variety 
of conditions including AMI, unstable angina, pericarditis, mus-
culoskeletal pain, pulmonary embolism (PE), pneumonia, pleuri-
tis, and cholecystitis. Attention to the patient's description of the 
nature and quality of the pain, presence of predisposing factors, 
physical examination, and initial laboratory studies should allow 
early differentiation.

Initial Medical Treatment
Patients with acute aortic syndromes should be treated with 
intravenous medications to lower the arterial blood pressure 
as expeditiously as possible (Fig. 34-11). Since aortic wall strain 
is a function of LV contraction velocity (expressed mathemati-
cally as change in pressure divided by change in time [dP/dT]), 
β-adrenergic receptor antagonists, given to attenuate LV systolic 

contractile force and decrease heart rate, are first-line therapeu-
tic agents (Table 34-2). In patients with a contraindication or 
intolerance to β-adrenergic receptor antagonists, a heart rate–
slowing nondihydropyridine calcium  channel blocker, such as 
diltiazem or verapamil, may be an effective substitute.

Target systolic blood pressure and heart rate are 110 mmHg and 
60 beats/min or less, respectively, but medications may require 
titration according to clinical evidence of impaired end-organ 
perfusion. β-Adrenergic receptor antagonists alone are often insuf-
ficient for achieving blood pressure control, so administration of 
a direct vasodilator may be necessary. Sodium nitroprusside is 

Suspected dissectionStep 1

Step 2

Step 3

Step 4

Ascending aortic involvement?

Emergency surgical consultation
OR

Intra-op TEE

Operative management
Cannulation, perfusion

Aortic valve considerations
Management of arch complications

Malperfusion syndrome
Rupture

Rapid expansion
Refractory pain

Complicated? Uncomplicated?

Pain, HR, BP controlled

Endovascular (TEVAR) �� open repair

Continued medical
treatment

Long-term medical treatment
Radiologic surveillance

YES (Type A) NO (Type B)

Directed history and exam
ECG, biomarker testing

Diagnostic Imaging (CTA � TEE)
Initiate IVs medical treament

FIGURE 34-11 One proposed management pathway for acute aortic dissection. In Step 1, a low index of clinical suspicion for acute aortic dissection should 
prompt early diagnostic testing while medical therapy is initiated. Step 2 involves determination of ascending aortic involvement, which significantly influences 
importance of emergent surgical consultation. In Step 3, patients with type A aortic dissection are referred for surgery, and patients with complicated type B aortic 
dissection are referred for endovascular therapy or surgery. Patients with uncomplicated type B aortic dissection are continued on medical therapy and monitored 
for changes in clinical status. In Step 4, a care plan is established that emphasizes importance of long-term medical therapy, radiological surveillance, and lifestyle 
modifications to decrease risk of postdissection complications. Long-term medical therapy should include β-receptor antagonists and angiotensin receptor blockers 
(ARBs) or angiotensin-converting enzyme inhibitors (ACEIs) to achieve resting heart rate of 60 beats/min or less and BP of 120/80 mmHg or less, respectively. BP, blood 
pressure; CTA, computed tomographic angiography; ECG, electrocardiogram; HR, heart rate; IV, intravenous; TEE, transesophageal echocardiography. (Adapted from 
Hiratzka LF, Bakris GL, Beckman JA, et al: 2010 ACCF/AHA/AATS/ACR/ASA/SCA/SCAI/SIR/STS/SVM guidelines for the diagnosis and management of patients with thoracic aortic 
disease. J Am Coll Cardiol 55:e27–e129, 2010.)2

 
 
THERAPY

 
 
DOSE

RECEPTOR 
SELECTIVITY 
(HALF-LIFE)

Metoprolol 5 mg bolus every 5 min for 3 doses; 
additional doses of 5-10 mg every 
4-6 h as needed

β
1
 > β

2
 (3-6 h)

Labetalol 10-20 mg bolus, repeat 20-40 mg 
bolus every 10-15 min as needed

Maintenance infusion 1-2 mg/min; 
maximum total dose of 300 mg

α
1
-, β

1
-, and β

2
  

(≈ 5.5 h)

Esmolol 0.5 mg/kg bolus, then 50 μg/kg/
min infusion

β
1
 (9 min)

Propranolol 0.05-0.15 mg/kg every 4-6 h as 
needed

β
1
 ≈ β

2
 (5-7 h)

TABLE 34-2
  Intravenous b-Adrenergic Receptor 

Antagonists for Management of Acute Aortic 
Dissection
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the agent of first choice in aortic dissection patients with hyper-
tension  refractory to initial β-blocker therapy, but should not be 
initiated without adequate heart rate control because reflex tachy-
cardia unfavorably influences the dP/dT profile. The starting dose 
is 25 μg/min by continuous infusion, and adjustments are usually 
made in increments of 10 to 25 μg. At infusion rates above 2 μg/
kg/min, the circulating concentration of the metabolite cyanide 
(CN−) exceeds the rate of excretion by the kidneys. After a total 
nitroprusside load of 500 μg/kg, endogenous molecular CN− buf-
fers are depleted, increasing the probability of complications from 
drug toxicity, including death. In clinical practice, measuring lev-
els of thiocyanate, a byproduct of CN− metabolism, is critical to 
 prevent drug-induced CN− toxicity, particularly in patients with 
renal insufficiency. Alternative intravenous vasodilators available 
for use in the acute setting include enalaprilat, hydralazine, and 
nicardipine.68 Concomitant analgesia for pain control is essential 
and may favorably influence blood pressure and heart rate.

For acute aortic dissection patients with hypotension, cardio-
genic shock from hemopericardium should be considered. 
Volume resuscitation or pressor therapy may be necessary to 
maintain vital organ perfusion, but these are merely temporizing 
measures. Pericardiocentesis for relief of tamponade is not recom-
mended, and surgery should be performed emergently.

Indications for Surgery
Anatomical location of disease, patient comorbidities, initial com-
plications from the dissection, and acuity of presentation (i.e., 
acute vs. chronic) are key factors that influence surgical indica-
tions for treatment of aortic dissection (Box 34-4). There is evolving 
evidence to support a relationship between clinical outcome and 
operator experience in repair of aortic disease. Increasing hospital 
volume for open abdominal aortic aneurysm repair is associated 
with improved survival, particularly at centers that perform over 50 
abdominal aortic aneurysm repairs annually.69,70 Less well estab-
lished are clinically useful parameters for evidence-based referral 
of patients with thoracic aortic disease. Ongoing public health ini-
tiatives have proposed examining the following variables to define 
centers of excellence for surgical repair of thoracic aortic disease: 
procedural volumes (operator and facility), outcome, time to 

 diagnosis and intervention, and logistical measures including dis-
tance to nearest referral center and services available.2,71

Type A Aortic Dissection
Recommendations pertaining to patient selection for surgical, 
endovascular, or medical treatment of acute aortic dissection are 
derived from consensus expert opinion because randomized tri-
als are lacking.2 Emergency surgery is indicated for all acute type A 
dissections, regardless of the site of entry.2,72 Surgery is performed to 
prevent rupture with exsanguination or tamponade and to relieve 
aortic regurgitation when present. The extent and complexity of sur-
gery (resection/grafting of the ascending aorta, valve resuspension 
or replacement, coronary artery reimplantation) is determined on 
a case-by-case basis. Incorporation of the aortic arch in the primary 
repair is indicated when the tear traverses this segment of the aorta 
or when it has become acutely aneurysmal.73 Indications for and 
timing of surgical repair for the unusual case of chronic stable type 
A aortic dissection are unresolved. In this situation, surgeon prefer-
ence and patient comorbidities weigh heavily in decision making, 
as does any information related to aortic enlargement over time. 
Outcomes with conservative management may not be inferior to 
surgical repair in the chronic phase, as suggested by limited single 
center experiences and retrospective data.12,75 Endovascular stent 
grafts are not approved by the U.S. Food and Drug Administration 
(FDA) for use in the ascending aorta or arch.

Type B Aortic Dissection
Uncomplicated type B dissection is treated medically, with empha-
sis on tight heart rate and blood pressure control. Serial imaging 
is performed to monitor disease evolution. Lifestyle modifications, 
including the possibility of career change, may be necessary to 
avoid strenuous lifting, pushing, or straining that requires intense or 
repetitive Valsalva maneuvers.2

Surgery for acute type B dissection is generally reserved for 
those patients who have failed initial conservative therapy and 
have a complicated course, as indicated by refractory or recurrent 
pain, continued extension, early aneurysmal expansion, rupture, 
malperfusion syndrome, dissection location within a previously 
known aneurysmal aortic segment, and for patients with MFS. The 
importance of refractory pain in otherwise uncomplicated type B 
dissection is increasingly appreciated. In one recently published 
prospective analysis of 365 type B dissection patients without 
conventional high-risk features, the presence of pain or persis-
tent hypertension despite medical therapy was associated with a 
35-fold increase in mortality, compared with the absence of these 
clinical features.74

Presently there are insufficient data to provide comprehen-
sive guidelines for appropriateness of endovascular stent grafting, 
percutaneous fenestration, and branch vessel stenting as alterna-
tives to surgery for type B aortic dissection (Table 34-3; also see 
Chapter 36). Several nonrandomized small prospective trials and 
registries have shown that endovascular stent grafting for acute, 
subacute, or chronic type B dissection can be an effective lower-
risk alternative to surgery.75–77 Recent years have seen increasing 
adoption of endovascular stent graft treatment for complicated 
type B dissection, although randomized trial data are lacking. Most 
high-volume centers have moved in this direction, and it is unlikely 
that a pivotal trial versus surgery will be conducted in patients with 
traditional indications for surgery in type B dissection.

The Investigation of Stent Grafts in Aortic Dissection (INSTEAD) 
trial randomized 140 stable type B patients 2 weeks following dis-
section to optimal medical therapy or optimal medical therapy 
plus endovascular stent grafting.78 Although this trial was under-
powered for the primary endpoint of aorta-related death at 
2 years following randomization, a substantially greater number of 
patients who underwent stent grafting demonstrated recovery of 
true lumen size and contour and false lumen thrombosis (91%) 
compared with those who received optimal medical therapy 

Acute Dissection
Type A
All patients

Type B
With complications:

Rupture
Extension
Rapid aneurysm expansion
Malperfusion syndrome
Marfan's syndrome (MFS)

Chronic Dissection
Type A
Maximal dimension ≥5.5 cm
MFS with maximum dimension ≥4.5-5 cm
Increase in dimension ≥1 cm/yr
Severe aortic regurgitation
Symptoms suggestive of expansion or compression

Type B
Maximal dimension ≥5.5-6 cm
Increase in dimension ≥1 cm/yr
Symptoms suggestive of expansion or compression

Box 34-4 Indications for Surgery

Adapted from Hiratzka LF, Bakris gL, Beckman JA, et al: 2010 ACCF/AHA/AATS/ACR/
ASA/SCA/SCAI/SIR/STS/SVM guidelines for the diagnosis and management of patients 
with thoracic aortic disease. J Am Coll Cardiol 55:e27, 2010.2
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alone (19%; P <0.001). These data are concordant with others sug-
gesting positive aortic remodeling in type B dissection patients fol-
lowing endovascular stent graft placement. It is unclear whether 
positive aortic remodeling will impact clinical outcomes longer 
term. Endoleak, stroke, and other device complications including 
migration and thrombosis have been reported.76

Indications for percutaneous balloon fenestration include false 
lumen compression of the true lumen with end-organ hypoperfusion. 
In this procedure, a balloon catheter is used to create a transverse 
tear across the dissection flap to attenuate compressive forces on the 
true lumen and improve flow to compromised organs. Placement of 
a bare metal stent (BMS) into side branch vessels to restore blood 
flow may be performed to enhance regional perfusion.7

Surgery for chronic type A aortic dissection is indicated for treat-
ment of symptomatic aortic regurgitation with LV dysfunction or 
for management of aneurysmal disease according to conventional 
size criteria (≥5.5 cm for ascending aortic aneurysm, ≥5.5-6.0 cm 
for descending thoracic aneurysm, ≥5.5 cm for thoracoabdominal 
aortic aneurysm, or ≥1.0 cm/yr increase in maximal dimension).2 
Of note, in high-risk patients, such as those with MFS, elective aneu-
rysm repair may be recommended at smaller  aortic diameters. 

Aneurysmal enlargement and recurrent  dissection are more likely 
with long-term patency or partial thrombosis of the false lumen.2 
It has been proposed that partial thrombosis of the false lumen 
confers a worse outcome on patients with type B aortic dissec-
tion due to associated increases in pressure within the false lumen 
that may compromise true lumen-mediated blood flow to critical 
organs.15–17

Prognosis
The European Cooperative study group reported 1- and 2-year 
mortality rates for patients with type A dissection of 60% and 50%, 
respectively.54 Approximately one third of aortic dissection survi-
vors will experience rupture, extension, or require surgery for aneu-
rysm formation within 5 years of recovery from the initial event.7 
Outcome in acute type A dissection is heavily influenced by treat-
ment strategy; in-hospital mortality rates following presentation are 
65% and 6% with medical therapy and surgical repair, respectively.79 
Nevertheless, surgical outcomes are poor in patients demonstrat-
ing signs of ischemia in renal, mesenteric, or peripheral arterial cir-
culatory beds prior to dissection repair.7 A bedside risk prediction 
tool for in-hospital mortality incorporating these variables offers 
clinicians, patients, and families a useful method by which to 
understand the complexities and hazards of the acute dissection 
process72 (Fig. 34-12).

For type B dissection, overall in-hospital mortality rates approach 
15%.37 For patients with uncomplicated type B dissection managed 
medically, 1-month survival is 90%, whereas for patients who require 
surgical intervention for the indications listed previously, 1-month 
survival is only 75%. Independent predictors of early  mortality 
include advanced age, rupture, and malperfusion syndromes. The 
excess mortality risk imposed by early complications necessitating 
surgical treatment, and thus operation on acutely sicker patients, has 
prompted investigation of endovascular stent grafting for selected 
patients. Nearly 2 decades of experience with thoracic endovas-
cular aortic repair have yielded encouraging results regarding 
short- and long-term efficacy rates for this treatment strategy. One 
retrospective analysis of 87 patients undergoing endovascular stent 
placement to treat acute type B dissection demonstrated a 30-day 
survival rate of 81%, despite the presence of hemodynamic instabil-
ity or shock in 62% of the study population.80 In a type B dissection 
patient cohort for whom the  prevalence of hemodynamic collapse 
was only 16%, endovascular graft  placement was associated with 
short- and long-term survival rates of 90% and 87%, respectively.81

The most feared complications of type B aortic dissection are 
rupture, redissection, or development of malperfusion syndromes. 
Complete or partial false lumen patency or maximal descend-
ing thoracic aortic diameter of 4.0 cm or greater are risk  factors 
for development of subsequent descending thoracic aortic 
aneurysms.78

 
PATIENT SUBGROUP

 
CLASSIFICATION

LEVEL OF 
EVIDENCE

Acute traumatic dissection I C

Acute type B dissection with 
ischemia

I A

Symptomatic PUA/AIH IIa C

Chronic dissection from 
trauma

IIa B

Acute type B dissection 
 without ischemia

IIb C

Subacute dissection IIb B

Chronic dissection IIb B

Degenerative descending 
aortic dissection >5.5 cm

IIa with comorbidities
IIb without comorbidities

B/C

Aortic arch dissection with 
morbidity prohibitive for 
surgery

IIb C

TABLE 34-3
  Society of Thoracic Surgeons Class I and II 

Recommendations for Thoracic Stent Graft 
Insertion

AIH, aortic intramural hematoma; PUA, penetrating atherosclerotic aortic ulcer.
Adapted from Svensson LG, et al: Expert consensus document on the treatment of  descending 
thoracic aortic disease using endovascular stent-grafts. Ann Thorac Surg 82:S1, 2008.

FIGURE 34-12 Observed versus 
predicted mortality rate for patients 
with acute type A dissection in the 
International Registry of Aortic Dissection. 
Variables used in the risk model include age, 
female gender, abrupt onset of pain, abnormal 
electrocardiogram (ECG), pulse deficit, renal 
failure, and hypotension/shock/tamponade. 
(From Mehta RH, Suzuki T, Hagan PG, et al: 
Predicting death in patients with acute type A 
aortic dissection. Circulation 105:200–206, 2002.)
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Long-Term Surveillance
Because of the lifelong risk of subsequent aortic and cardiovas-
cular complications, vigilant clinical and radiographic follow-
up is mandatory for all hospital survivors. Medical management 
remains targeted to strict blood pressure (≤130/80 mmHg) and 
heart rate (≤60 beats/min) goals.2 Statin therapy is indicated for 
treatment of atherosclerosis. Strenuous exercise is discouraged, 
and patients need be educated regarding the chronic nature of this 
disease,  self-awareness of dissection-associated symptoms, and the 
importance of medication adherence. Imaging of the entire aorta 
is recommended pre-discharge and at 1, 3, 6, and 12 months, then 
annually thereafter.82

The continued high rates of death and disability from acute 
aortic dissection reinforce the urgent need for improvements in 
aggressive treatment of identifiable risk factors (notably hyper-
tension), genetic and biomarker screening, clinical aware-
ness, regional referral networks, consistent care protocols both 
 during and after hospitalization, and possibly, surgical centers of 
 excellence in  aortic repair.
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C H A P T E R  35  Surgical Therapy for Aortic 
Dissection
Joseph Huh, Joseph S. Coselli, Scott A. LeMaire

The treatment of aortic dissections remains technically challenging  
to surgeons. Patients can present with a wide range of anatomical 
and physiological derangements. Surgical decisions are made on 
the basis of three primary considerations: anatomical location  
of the dissection, time since the onset of dissection, and resulting 
complications of dissection. The DeBakey and Stanford classifica-
tions define dissections according to their anatomical location; 
both systems place great importance on the involvement of the 
ascending aorta1 (Fig. 35-1). DeBakey type I dissection initiates in 
the ascending aorta and extends varying distances into the thora-
coabdominal aorta, often reaching the aortic bifurcation. Type II  
dissection is confined to the ascending aorta. Type III dissection initi-
ates in the descending thoracic aorta and extends variable distances 
into the thoracoabdominal aorta. Timing of the operation is important 
because surgical repair becomes safer as the dissection becomes 
older and the aorta less fragile. Risks posed by tissue fragility must be 
weighed against the competing risk of acute complications, which 
include rupture,  heart failure, and malperfusion.   Although arbitrary, dis-
section is considered acute within the first 14 days after the initial tear 
in the aortic wall. After 14 days, the dissection is described as chronic.

Additionally, aortic dissections can produce a wide variety of life-
threatening complications that may mandate emergent surgical 
repair or correction. Aortic rupture can occur anywhere along the 
dissected aorta. Lethal proximal aortic complications include peri-
cardial tamponade, acute aortic valve regurgitation, and  myocardial 
infarction (MI) from coronary artery malperfusion. In subsequent 
aortic segments, malperfusion of branch vessels can cause stroke, 
paraplegia, mesenteric ischemia, renal failure, and limb-threatening 
ischemia (Fig. 35-2). The potential for these acute complications, 
combined with severe physiological derangement and extreme 
tissue fragility, make aortic dissection one of the most challenging 
conditions faced by cardiovascular surgeons. These considerations 
are the foundations of operative indications and strategies for aortic 
dissection. Surgical strategies for treating proximal aortic dissections 
involving the ascending aorta and transverse aortic arch differ dis-
tinctly from strategies for treating distal aortic dissections involving 
the descending thoracic and thoracoabdominal aorta; therefore, the 
proximal and distal aortic segments will be discussed independently.

Acute Proximal Dissection
Without treatment, nearly half of patients with acute proximal aor-
tic dissection die within 48 hours.2 Once the diagnosis is suspected, 
aggressive pharmacological treatment is initiated immediately, and 
the focus can then shift to confirming the diagnosis and assessing 
treatment options (see Chapter 34).

Indications for Operation
Proximal aortic repairs performed in the chronic phase uniformly 
have better outcomes than those performed in the acute phase. 
Unfortunately, the high risk associated with early operation is out-
weighed by the even higher risk of a fatal complication (e.g., aortic 
rupture) during medical management. Therefore, the presence of an 
acute proximal aortic dissection has traditionally been considered 
an absolute indication for emergency surgical repair. Many authors  
continue to advocate this approach.3,4 Although controversial, delayed 
operative management of acute proximal aortic dissection has been 
proposed in specific clinical scenarios: in elderly patients; in patients 
with severe malperfusion; when dissection occurs after previous 
 cardiac operation; and to enable transport to a specialized center.

ELDERLY PATIENTS

Emergent repair of proximal aortic dissection in patients with 
advanced age remains controversial. In recent literature, opera-
tive mortalities of nearly 50% have been reported for octogenarian 
patients.5,6 Neri et al. concluded that surgical treatment is not war-
ranted in the elderly because “it does not reverse the unfavorable 
prognosis of the disease.”7 A demographic study that used a Taiwanese 
national registry identified a significant trend toward nonoperative 
management of acute aortic dissections (AAD) with increasing age.8 
However, elderly patients who survived operative treatment had bet-
ter long-term survival than patients who were treated medically.

Clearly, acute proximal aortic dissection in the elderly is a high-
risk situation. Surgical results of institutions and communities have 
to be considered to optimize best outcomes.9,10 Aggressive intraop-
erative strategies, such as total arch replacement and root replace-
ment, should be weighed against the mortality risk associated with 
prolonged operations. In patients whose limited physiological 
reserve makes them poor candidates for emergency aortic repair, 
delayed management with initial medical optimization followed 
by elective surgery may be a reasonable alternative.

SEVERE MALPERFUSION

Branch-vessel obstruction due to dissection creates a spectrum of 
malperfusion that ranges from mild (e.g., diminished pulse in an 
extremity) to severe (e.g., bowel infarction). In most cases of mild 
to moderate malperfusion, surgical repair of the proximal aorta 
redirects flow into the true lumen and restores adequate peripheral 
blood flow; however, patients in whom ischemia has caused severe 
end-organ dysfunction are unlikely to benefit from  immediate 
ascending aortic repair.11 Stroke with resulting coma and bowel 
infarction with peritonitis remain ominous conditions after type 
I aortic dissection. Deeb et al. reported that eight of nine patients 
who underwent early proximal aortic repair in the setting of severe 
malperfusion (as defined in Box 35-1) died before discharge from 
the hospital. All deaths were attributed to irreversible ischemic 
organ damage and severe reperfusion injury after cardiopulmo-
nary bypass (CPB). On the basis of these results, these surgeons 
initiated a policy of delayed surgical treatment in patients with 
severe malperfusion. This strategy consisted of aggressive pharma-
cological treatment to reduce dP/dt (rate of rise of left  ventricular 
[LV] pressure), confirmatory arteriography, percutaneous fenes-
tration or stenting (if needed) to restore flow to compromised 
branch vessels, and elective operation after complete recovery 
from malperfusion. Of the 20 patients treated with this strategy, 17 
underwent delayed operation an average of 20 days after presenta-
tion.12 To reduce selection bias, the authors’ analysis also included 
the three patients who died without operation (one from rupture, 
two from reperfusion injury) and the two patients who died after 
delayed surgery. The overall survival for these patients treated with-
out immediate operation (15/20, 75%) was significantly better than 
the dismal survival obtained with a strategy of immediate surgery. 
Fabre et al. have also advocated percutaneous intervention before 
operation in patients with severe ischemic sequelae.13

DISSECTION AFTER PRIOR CARDIAC OPERATIONS

Delayed management with elective operation has been proposed 
for patients who have had cardiac surgery in the remote past. 
Presence of prosthetic aortic valves, aortic suture lines, coronary 
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FIGURE 35-1 This simplified, descriptive classification scheme categorizes aortic dissection based on involvement of proximal aorta, distal aorta, or both 
segments. Corresponding traditional classifications are included for comparison. The primary limitation of the Stanford classification is that it is based solely on presence (type A) or 
absence (type B) of ascending aortic involvement; it does not provide information about distal aortic involvement, a factor that has important management and prognostic implications.
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FIGURE 35-2 Common life-threatening sequelae of aortic dissection. Weakened aortic wall can rupture at any location and often results in fatal exsanguination. 
Rupture of ascending aorta into pericardial space (A) causes cardiac tamponade. Aortic dissection can lead to acute cardiac failure via (B) extension into coronary 
ostia, causing myocardial ischemia, and (C) disruption of aortic valve commissures, causing valvular insufficiency. Complications of branch vessel malperfusion include 
(D) stroke or upper-extremity ischemia when brachiocephalic branches are involved, paraplegia when segmental intercostal and lumbar arteries are compromised, 
(E) renal failure or mesenteric ischemia when visceral vessels are disrupted, and (F) lower-limb ischemia when iliac arteries are occluded.
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grafts, and adhesions due to scarring and fibrosis around the aortic 
wall are considered protective. They can potentially prevent rup-
ture, protect from valvular dehiscence, and prevent coronary mal-
perfusion, the lethal complications of proximal aortic dissection. In 
one study by the International Registry of Acute Aortic Dissection 
(IRAD) investigators, patients with acute proximal dissection and 
a history of previous cardiac operations were less likely to pres-
ent with chest pain and cardiac tamponade than those without 
a history of previous cardiac operations.14 Hassan et al. explored 
the strategy of initial medical management in ten patients with 
ascending aortic dissection in the setting of prior cardiac surgery. 
Duration from prior cardiac surgery to dissection ranged from 
2 months to 20 years. Medical therapy was successful in eight 
patients (80%), and all patients were discharged after the initial 
hospitalization. The two deaths in the series occurred at 4 months 
and 2 years after the dissection.15

It must be emphasized that the reduced risk of rupture does 
not apply to dissections that occur during the initial 3 weeks after 
cardiac surgery.16 In fact, acute dissection during the early postop-
erative period carries a high risk of rupture and tamponade; these 
patients should undergo early operation.17 Estrera et al. noted 
higher operative mortality (31% vs. 14%) and higher stroke rates 
(10% vs. 3%) in patients undergoing early operative repair for acute 
proximal dissection with prior cardiac surgery than in patients 
without prior cardiac surgery.18 In their series, patients with prior 
cardiac surgery presented with similar incidences of tamponade 
and malperfusion symptoms as patients without prior cardiac sur-
gery, although the series included patients with acute dissections 
occurring as early as 3 days after cardiac surgery.

TRANSPORT TO SPECIALIZED CENTERS

Patients with proximal aortic dissections frequently require trans-
port to centers where cardiac surgery can be performed. Even in 
centers where cardiac surgery is available, transfer to high-volume 
centers can be justified in hemodynamically stable patients, and 
there is evidence of improved outcomes in patients transferred 
to specialized centers.19–21 Before proceeding with transport, the 
patient's condition must be optimized. Aggressive pharmacologi-
cal management should be initiated and metabolic disturbances 
corrected. Reliable delivery and titration of vasoactive medications 
during transport can be facilitated by central venous and arterial 
catheters, respectively. Inotropes and diuretics can be  administered  
to patients with low cardiac output and acute  ventricular  distention 
due to aortic valvular insufficiency and volume overload. If 
patients with pericardial tamponade must be transferred, a peri-
cardial drain should be placed to allow intermittent drainage dur-
ing transport.22 Whenever possible, patients with limb- threatening 

 ischemia should undergo revascularization— usually via femoral-
to-femoral artery bypass—before transport to minimize the severe 
metabolic derangements that result from prolonged limb ischemia 
and improve chances of survival after aortic repair.12

Standardized treatment protocols have been developed to 
optimize the hemodynamic management of patients with AAD  
 during transport. Implementation of the protocol developed by the 
Stanford Health Care Life Flight program decreased the number of 
patients who arrived at the receiving center with inadequate blood 
pressure control.23 Results from a German study show that trans-
porting patients with proximal aortic dissections by helicopter is 
no better than emergency ground transport with regard to survival 
benefit. Air transport did allow coverage of areas more than twice 
the distance, but at eight times the cost.24

Surgical Repair
PREOPERATIVE CONSIDERATIONS

With the noted considerations just discussed, most institutions 
repair proximal aortic dissections on an urgent or emergent basis. 
Important considerations that may change operative planning 
include the presence of connective tissue disorder and preexist-
ing aneurysms in the aortic root or aortic arch. Dissections originat-
ing from preexisting aneurysms will likely require replacement of 
that segment. Preoperative computed tomography (CT) scans can 
provide valuable information about true lumen compression and 
existing malperfusion. Knowledge of which leg will access the true 
lumen may have implications in hemodynamic monitoring, cannu-
lation for CPB, or subsequent requirement for adjunctive procedures 
such as femoral-femoral bypass. Degree of aortic valve regurgitation 
on preoperative echocardiography and any existing contraindica-
tions to anticoagulation will also have implications with regard to 
the need for aortic valve replacement and valve choice.

CARDIOPULMONARY BYPASS

Anterior exposure by median sternotomy provides standard access 
to the heart and proximal aorta. Most surgeons perform proximal 
aortic dissection repairs during a period of hypothermic circula-
tory arrest.3,11,25–27 This strategy allows an “open distal anastomo-
sis” with direct inspection of the entire arch and avoids creating 
additional tears that can result from placing a clamp across the 
fragile aorta. Peripheral options in cannulation for arterial inflow 
during mechanical circulation include the femoral artery and 
axillary artery. Many groups currently advocate axillary access by 
either direct cannulation or graft conduit. The axillary site usually 
allows perfusion of true lumen and simplifies antegrade cerebral 
perfusion.28 Previously, femoral cannulation was the most com-
mon site of arterial inflow in acute dissections. One advantage is 
rapid access in emergent situations, although malperfusion and 
retrograde atheroembolization can occur. Central aortic perfusion, 
either by direct ascending aortic cannulation29 or advancement of 
the cannula into the ascending aorta via the LV apex, is a feasible 
alternative. Venous drainage is typically achieved with the use of a 
dual-staged cannula placed in the inferior vena cava (IVC) via the 
right atrium.

Two methods of cerebral protection are hypothermia and cere-
bral perfusion. Hypothermia alone decreases metabolic activity to 
allow circulatory arrest, but surgeons must be aware of time limita-
tions to ensure good neurological outcomes.30,31 Although use of 
retrograde cerebral perfusion has declined over the past decade, 
the technique is still used in some centers. Retrograde cerebral 
perfusion delivers cold oxygenated blood from the pump into 
a cannula placed in the superior vena cava.26,32 The initial hope 
was that the retrograde delivery of blood would provide oxygen to 
the brain. Unfortunately, accumulating evidence suggests that this 
technique does not provide cerebral oxygenation.33–35 The benefits 
of this technique include maintenance of cerebral hypothermia 
and retrograde flushing of air and debris.

Severe Myocardial Malperfusion
Acute infarction diagnosed by electrocardiographic changes or elevated 
myocardial-specific enzyme levels associated with new-onset ventricular 
dysfunction

Severe Cerebral Malperfusion
generalized nonresponsiveness or severe localized neurological deficit 
lasting >48 hours

Severe Visceral Malperfusion
Abdominal pain, physical findings consistent with an acute abdomen, and 
associated abnormal laboratory findings

Severe Extremity Malperfusion
new-onset absence of pulse for more than 4 hours associated with pain, 
neurological symptoms, and physical findings consistent with threatened 
limb function

Box 35-1 Definitions of Severe Malperfusion

Adapted from Deeb gM, Williams DM, Bolling Sf, et al: Surgical delay for acute type A 
dissection with malperfusion. Ann Thorac Surg 64:1669–1675, 1997.
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We and others currently use selective antegrade cerebral perfusion 
as a standard adjunct in proximal dissection repairs.36,37 Direct cannu-
lation of the innominate and left carotid arteries can be performed 
using flexible balloon catheters. However, right axillary cannulation 
for CPB can provide direct flow into the right carotid28,38,39 (Fig. 35-3). 
Traditionally, circulatory arrest was initiated with deep hypothermia 
at 18°C, but this level of hypothermia has negative implications in CPB 
duration and degree of coagulopathy. Recent experience supports 
the safe use of moderate hypothermia during circulatory arrest.40 Our 
current target temperature on CPB is 24°C. Once the target tempera-
ture is reached, CPB flows are decreased to 1 to 1.5 L/min. A snare 
is used to occlude the innominate artery, thereby initiating circula-
tory arrest to the body and antegrade right cerebral perfusion. With 
the aorta open, we selectively use left carotid perfusion by a separate 
balloon catheter on the basis of the anticipated length of circulatory 
arrest and near-infrared spectroscopy (NIRS) cerebral monitoring. 
Electroencephalography (EEG) is useful during deep hypothermia 
when cerebral electrical silence is desired. However, with moderate 
hypothermia, EEG silence is usually not achieved.

DISTAL AORTIC CONSIDERATIONS

With the ascending aorta opened, the transverse aortic arch 
can be carefully inspected, and a decision can be made regard-
ing the extent of aortic arch resection (Box 35-2). At the least, 

most patients require graft replacement of the segment of the 
ascending aorta between the sinotubular junction and the ori-
gin of the innominate artery. In the setting of emergent opera-
tion for acute dissection, increasingly aggressive repairs of the 
aortic arch are associated with increasing early morbidity and 
mortality.41 Therefore, the repair is generally only extended 
into the arch if the arch is aneurysmal or if the primary tear is 
located within the arch. When only the proximal portion of the 
arch is involved in the  disease process, a beveled graft replace-
ment of the lesser curvature is performed (see Fig. 35-3). This 
open distal  hemi-arch replacement remains the most common 
scenario. Total arch replacement (Fig. 35-4) is performed only if 
the primary tear is located in the arch or if the entire arch is 
 aneurysmal. If  malperfusion was an issue preoperatively owing 
to true lumen compression in the descending thoracic aorta, 
patency of the true lumen can be assisted by open placement 
of an  endovascular stent-graft in the descending thoracic aorta.

ASCENDING AND HEMI-ARCH REPLACEMENT

The dissecting membrane that separates the true and false 
lumens is excised to the distal aortic cuff (see Fig. 35-3B). The 
distal aortic cuff is prepared by tacking the inner and outer 
walls together and using surgical adhesive to obliterate the false 
lumen and strengthen the tissue11,25 (see Fig. 35-3C). A Foley 

FIGURE 35-3 Graft repair of 
ascending aorta and proximal 
tran sverse aortic hemi-arch with 
concomitant aortic valve resuspen-
sion. A, Operation is performed via 
median sternotomy. Cardiopulmonary 
bypass inflow is established via the right 
axillary artery.  B, After initiating circulatory 
arrest and antegrade cerebral perfusion, 
ascending aorta is opened, and dissecting 
membrane is excised. C, Distal aortic 
cuff is prepared using surgical adhesive; 
balloon catheter in descending aorta 
prevents distal migration of adhesive. D, 
Open distal anastomosis between graft 
and aorta is completed and reinforced 
with additional adhesive. 

A
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C
Continued
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catheter  balloon carefully inflated at the distal aortic arch can 
be helpful in preventing surgical adhesive from migrating dis-
tally in the false lumen. A polyester tube graft is sutured to the 
distal aortic cuff (see Fig. 35-3D). With the false lumen obliter-
ated at the distal aortic cuff, the anastomosis between the graft 
and the aorta is constructed to a single true lumen; this often 
alleviates mild distal malperfusion problems that were present 
preoperatively. We routinely reinforce the distal anastomosis 
with a second suture line or interrupted pledgets. The graft is 
de-aired and clamped, and full CPB is resumed with the release 

of the innominate snare. Rewarming is initiated, and the proxi-
mal portion of the repair is started (see Fig. 35-3E).

TOTAL AORTIC ARCH REPLACEMENT

Extensive aneurysms involving the entire arch usually require total 
arch replacement. Primary tears affecting the greater curvature 
or any of the brachiocephalic branch vessels should be resected. 
Distal anastomosis is created beyond the primary tear at the trans-
verse arch or at the proximal descending thoracic aorta, using 
a tube graft. Our preference currently is for reattachment of the 
brachiocephalic vessels individually, using a trifurcated or bifur-
cated graft42 (see Fig. 35-4). The single outflow to the brachioce-
phalic branches is anastomosed to the ascending aortic graft. In 
the most extreme cases, the aneurysm extends past the arch and 
into the descending thoracic aorta. This can be managed using 
Borst's elephant trunk technique for total arch replacement.43,44 
The distal anastomosis is constructed so that a portion of the graft 
is left suspended within the true lumen of the proximal descend-
ing thoracic aorta. In addition to directing flow into the true lumen, 
this “trunk” can be used to assist repair of the descending thoracic 
aorta during a subsequent operation.

E F

G

FIGURE 35-3—Cont'd E, After 
resum ing full cardiopulmonary 
bypass, aortic valve is resuspended. 
F, Proximal aortic cuff is repaired with 
adhesive. G, Proximal anastomosis is 
performed.

Ascending replacement only
Beveled hemi-arch replacement
Total arch replacement with island reattachment of brachiocephalic 
branches
Total arch replacement with bypass grafts to brachiocephalic branches
Elephant trunk technique

Box 35-2  Options for Managing Aortic Arch  
During Proximal Aortic Dissection Repair
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ANTEGRADE DESCENDING THORACIC STENT-GRAFTS

Even with aggressive resection of the primary intimal tear and 
elimination of the false lumen at the distal aortic anatomosis, 
the false lumen often persists at the level of the descending 
thoracic aorta and beyond. The distal false lumen presents two 
considerations. First, presence of a false lumen after proximal 
aortic dissection continues to be a significant risk factor for 
late aneurysm formation, need for reoperation, and death.45–47 
Second, and more important in the acute setting, true lumen 
compression in the descending thoracic aorta can cause mal-
perfusion in the mesenteric vessels, renal vessels, and lower 
extremities. Concurrent endovascular stent-graft deployment in 
the descending thoracic aorta with either standard ascending 
or hemi-arch reconstruction or in an extended total arch recon-
struction in a “frozen elephant trunk” are options other investi-
gators are exploring.48–50

We use an endovascular stent-graft in the descending thoracic 
aorta if clinically significant malperfusion (e.g., ischemia in the lower 
extremities, paraplegia, renal compromise) existed preoperatively 
with evidence of true lumen compression on imaging. The stent-
graft is sized to the true lumen with care not to oversize within the 
friable dissected aorta. A guidewire is advanced into the true lumen 
of the open descending aorta under direct vision during circulatory 
arrest. The stent-graft is deployed in an antegrade fashion, with the 
proximal landing zone just distal to the left subclavian artery. One 
or two tacking sutures can be placed to fix the stent-graft to the dis-
tal arch to prevent migration. We do not dilate the stent-graft under 
hypothermic conditions. The goal of the distal stent-graft is to direct 
flow into the true lumen, eliminate malperfusion, and potentially 
help in remodeling the descending thoracic aorta by thrombosis of 
the false lumen. Addition of a descending stent-graft is well toler-
ated, although long-term outcomes remain unknown.

PROXIMAL AORTIC CONSIDERATIONS

Presence of preexisting annuloaortic ectasia/aortic root aneurysm 
or connective tissue disorder, the degree to which the dissection 
flap extends into the root, and the degree of aortic valve distor-
tion are some of the factors for consideration when evaluating a 
proximal dissection for repair. Potential repairs addressing the aor-
tic valve are listed in Box 35-3.

SUPRACOMMISSURAL ANASTOMOSIS WITH 
AORTIC VALVE REPAIR

In the absence of intrinsic aortic root pathology and significant 
aortic valve distortion, the root can be repaired. The majority of 
these patients have separation of one or more commissures from 
the outer aortic wall; the resulting valve regurgitation can be 
 corrected by resuspending the commissures into their normal 
position51 (Fig. 35-5). Many surgeons use surgical adhesive within 
the false channel to strengthen this aortic root reconstruction.12,25,52 
The proximal aortic cuff is prepared with tacking sutures and surgi-
cal adhesive (see Fig. 35-3F) before performing the proximal aortic 
anastomosis (see Fig. 35-3G). If there is mild to moderate annular 
dilation, a commissural plication annuloplasty helps restore and 
maintain effective leaflet coaptation. Once the root and valve 
repairs are complete, the proximal aortic anastomosis is com-
pleted at the supracommissural position.

By preserving the aortic valve, long-term anticoagulation is often 
avoided; this is believed to favor thrombosis of the false lumen 
and thereby prevent subsequent dilation of the  thoracoabdominal 
aorta. Another advantage of these valve-sparing techniques is that 
they only require a few stitches (usually between one and six) and 
can be performed quickly. Limiting the extent of repair reduces  
cardiac ischemia, CPB, and overall operative times and translates 
into lower postoperative morbidity and mortality. Therefore, although 
more extensive procedures can reduce risk of reoperation, limited 
repairs are performed whenever possible to increase the chance of  

A B

FIGURE 35-4 Graft replacement 
of entire transverse aortic arch 
involves a distal anastomosis to 
descending thoracic aorta and 
separate reattachment of brachio-
cephalic branches. This approach is 
generally reserved for patients with 
primary tears within the arch or large 
aortic arch aneurysms. (Used with 
permission of Baylor College of Medicine.)

Aortic valve repair:
Commissural resuspension
Commissural plication annuloplasty
Resuspension and annuloplasty

Aortic valve replacement with mechanical or biological prosthesis
Aortic root replacement:

Composite valve graft
Aortic homograft
Stentless porcine root
Valve-sparing techniques (controversial)

Box 35-3  Options for Managing Aortic Valve 
During Proximal Aortic Dissection Repair
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survival after the initial operation.53 In a recent report of 200 patients 
who were discharged from the hospital after aortic valve repair for 
type A dissection, freedom from reoperation for aortic valve insuf-
ficiency was 97%, 92%, and 84% at 5, 10, and 15 years, respectively.54

AORTIC VALVE REPLACEMENT

Many patients undergoing proximal aortic dissection repair require 
concomitant correction of aortic valve pathology. Occasionally the 
valvular damage caused by the dissection is too severe to repair. In 
this case, separate replacement of the valve and graft replacement 
of the tubular segment of the ascending aorta are performed. This 
is also an option for patients who have significant preexisting aortic 
valvular disease (unrelated to the dissection). Separate aortic valve 
replacement with supracommissural graft anastomosis is generally 
not an option for patients with annuloaortic ectasia or Marfan's syn-
drome (MFS) because progressive dilation of the remaining sinus 
segment eventually leads to complications requiring reoperation.

AORTIC ROOT REPLACEMENT

Full aortic root replacement employs a mechanical or biologi-
cal graft that has both valve and aortic conduit components. Three 
commercially available graft options are (1) composite valve grafts, 
which comprise a mechanical valve attached to a polyester tube 
graft, (2) aortic root homografts, which are harvested from cadav-
ers and cryopreserved, and (3) stentless porcine aortic root grafts. 
Valve-sparing aortic root reimplantation is an alternative to full root  
replacement and involves excision of the aortic sinuses, attach-
ment of a prosthetic graft to the native annulus, and resuspension 
of the native aortic valve inside the graft. Superior hemodynam-
ics of the native valve and avoidance of anticoagulation are major 
 advantages to this approach. Experienced centers have performed 

valve- sparing root replacements in patients with acute dissection and 
have obtained mixed results.55–58 Because of the substantial techni-
cal demands and lack of long-term outcome data, the role of valve- 
sparing root replacement in patients with AAD remains controversial, 
especially in patients with MFS.59

OUTCOMES

For operations performed from 1994 to 2007 in series includ-
ing more than 100 patients with proximal aortic dissection, the 
reported early mortality has ranged from 14% to 24% (Table 35-1).

As operative techniques and critical care have improved, so has 
mortality at most centers. At one center, mortality improved in a 
stepwise fashion from 21% during their first quartile (1979-1980) to 
just 4% during their last quartile (2000-2003).60 Reported risk fac-
tors for operative mortality include increasing patient age, cardiac 
tamponade, preoperative shock, preoperative neurological defi-
cits, delay in diagnosis, repair of the aortic arch, coronary artery 
disease (CAD), acute myocardial infarction (AMI), concomitant 
coronary artery bypass, and malperfusion. Despite the substantial 
risks involved with  surgical treatment, contemporary results are 
excellent compared with the lethality of unrepaired acute prox-
imal aortic dissection.61 In the ongoing experience of IRAD, 155 
patients (17%) were managed nonoperatively, resulting in an in-
hospital mortality of 59% compared with 24% in those treated sur-
gically.62 One-year survival after surgical repair of proximal aortic 
dissection ranges from 60% to 97%; survival drops to 37% to 71% 
at 10 years.27,41,45,47,60,63,64 Late deaths have been multifactorial, with 
the majority of deaths reported being due to nonaortic etiologies 
such as stroke, heart failure, and malignancy.47,65 The most common 
aorta-related late deaths resulted from rupture of the distal aor-
tic segment. In recent studies focusing on long-term survival after 
proximal aortic dissection repair, persistent false lumen patency 
has been noted as a risk factor for late aorta-related mortality and 
need for intervention.46,65 The incidence of patent false lumen var-
ies significantly in the literature, from 20% to 90%. Instances of 
partial thrombosis have been noted, with, it appears, a higher inci-
dence of persistent false lumen patency in the abdomen. Long-
term implications of persistent false lumen patency have been the 
impetus for concurrent intervention at the distal segment of the 
initial proximal repair; however, outcomes for this strategy remain 
to be seen. What is certain is that patients with residual dissection 
in the distal aortic segments will require aggressive management 
and surveillance for long-term complications, including aneurysm 
formation.

Chronic Proximal Dissection
Occasionally, patients with proximal aortic dissection present for 
repair in the chronic phase. With rare exceptions, the mere pres-
ence of proximal aortic dissection continues to warrant surgical 
repair to prevent aortic rupture. In most regards, the operation is 
conducted in a manner similar to that of acute dissection repair, 
but the improved tissue strength in the chronic setting makes it 
easier to obtain secure hemostatic suture lines. Additionally, 
instead of obliterating the false lumen at the distal anastomosis, 
the dissecting membrane is fenestrated or resected into the arch 
to assure blood flow in both lumens and to prevent postoperative 

FIGURE 35-5 Cross-sectional drawing of aortic root illustrates 
dehiscence of two aortic valve commissures, which causes acute 
valvular regurgitation. Resuspending commissures onto outer aortic wall 
restores valve competency.

STUDY YEAR PUBLISHED NO. OF PATIENTS SERIES RANGE (YRS) MORTALITY

Girdauskas99 2009 276 1994-2008 18.8%

Fattouch45 2009 189 1996-2006 15.1%

Trimarchi (IRAD)62 2010 750 1996-2004 23.8%

Goda100 2010 301 1997-2007 13.6%

Song47 2010 118 1997-2007 17.8%

TABLE 35-1 In-Hospital or 30-Day Mortality for Patients with Type A Dissection
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peripheral  ischemia. The absence of both acute inflammation and 
malperfusion simplifies perioperative management considerably. 
These factors partially account for substantial differences in out-
comes between patients who undergo surgery in the acute setting 
and those who undergo repair in the chronic phase. Compared 
with patients who undergo repairs in the acute phase, those who 
undergo repair of chronic dissection have lower incidences of 
death and stroke. Contemporary series report both early mortality 
and stroke rates below 8%.37,66,67

Acute Distal Dissection
In most centers, nonoperative management of acute distal aortic 
dissection results in significantly lower morbidity and mortality 
than open surgical treatment.68,69 The initial strategy for medical 
therapy includes pharmacological treatment for blood pressure 
and heart rate control (“anti-impulse therapy”) and close moni-
toring for complications of an AAD (see Chapter 34). Monitoring 
entails frequent clinical assessments in an intensive care unit (ICU) 
setting, continuous arterial line blood pressure measurement, and 
repeated imaging to assess for acute changes in the dissected aorta. 
Operative therapy is reserved for aneurysmal changes, impending 
rupture, or malperfusion in the acute period.70,71

Indications for Operation
Aortic rupture and end-organ ischemia are the most common 
causes of death during the acute phase, so operative indications 
are aimed at these complications. Specific indications for opera-
tive treatment include aortic rupture, rapid aortic expansion, uncon-
trolled hypertension, malperfusion, and persistent pain despite 
aggressive pharmacological therapy. Acute dissection superimposed 
on a preexisting aneurysm is considered a life-threatening condi-
tion and is also an indication for operation. Most patients with acute 
distal dissections have a serosanguineous left pleural effusion; this 
does not indicate impending rupture and is not a sole indication 
for surgery. However, increasing periaortic or pleural fluid associated 
with other worrisome findings, such as aortic expansion, warrants 
consideration of aortic repair. Finally, surgical treatment should be 
considered in patients who are noncompliant with medical therapy, 
provided they are otherwise satisfactory operative candidates.

Surgical Repair
OPERATIVE TECHNIQUES

A wide range of surgical techniques are potentially applicable for 
treating complications of acute distal aortic dissection. Therapy 
should be tailored to the goals of treatment, condition of the 
patient, anatomical considerations, and capabilities of the institu-
tion. Malperfusion of the extremities can be managed by peripheral 
extra-anatomical bypass. A femoral-femoral bypass or carotid- 
subclavian bypass may restore blood flow to an ischemic extremity 
and allow continued nonoperative management of the dissected aorta.

Endovascular surgical options, discussed separately in Chapter 36, 
have recently expanded surgical alternatives.   Visceral and renal malp-
erfusion can ideally be addressed by endovascular techniques.25,71–73 
Endovascular fenestration of the dissecting membrane or place-
ment of stents into obstructed branch vessels can restore organ per-
fusion. In compromised patients with mesenteric ischemia or renal 
failure, endovascular reperfusion may allow clinical stabilization for 
other subsequent therapies or decision making. Aortic endovascu-
lar stent-grafting has also been used recently, with the goals of treat-
ing distal aortic malperfusion, excluding the dilated thoracic aorta, 
or promoting long-term remodeling to prevent the late sequella of 
aneurysm formation.74 Aortic stent- grafting may perhaps be ideal to 
treat acute dilations of limited thoracic dissections. Results from the 
IRAD investigators show a  mortality of 11% for endovascular oper-
ations, compared with 34% after open  operations for acute type B 
 dissections.68 Long-term data are  currently lacking regarding the fate 

of the false lumen and the implications of late aneurysm formation 
after endovascular treatment of long thoracoabdominal dissections 
and uncomplicated dissections. Results from the only randomized 
prospective trial of uncomplicated chronic type B dissections for 
which aortic stent-grafting was performed between 2 and 52 weeks 
after dissection show no significant differences in mortality or 
adverse event rates at 2 years.75

When the endovascular approach is unavailable or unsuccessful 
in treating complications of the acute distal dissection, open surgi-
cal options—including graft replacement of the aorta, open aortic 
fenestration, and branch artery bypass—should be considered.70,76 
In the acute setting, the primary goals of surgery are to prevent fatal 
rupture and restore branch artery blood flow. A limited graft repair 
of the life-threatening segment can achieve these objectives while 
minimizing risks.63 Because the most common site of rupture is in 
the upper third of the descending thoracic aorta, replacement usu-
ally extends from the level of the left subclavian artery to the mid-
descending level. The distal portion of the descending thoracic 
aorta is also replaced if it is aneurysmal. Graft replacement of the 
entire thoracoabdominal aorta is only considered if there is a large 
coexisting aneurysm. Similarly, the repair is not extended proxi-
mally into the arch, even if the primary tear is located there, unless 
the arch is substantially enlarged.

Because surgery for acute distal aortic dissection carries an 
increased risk of postoperative paraplegia, adjuncts that provide 
spinal cord protection (discussed later in detail) are used liberally. 
Cerebrospinal fluid drainage and left heart bypass are often used, 
even when the planned repair is limited to the upper descending 
thoracic aorta. Proximal control is usually obtained by  placing 
a clamp between the left common carotid and left subclavian 
 arteries. Manipulation of mediastinal hematoma around the proxi-
mal descending thoracic aorta is avoided until proximal control 
is established. The aorta is opened, and the dissecting membrane 
is removed from the segment being replaced. The proximal and 
 distal anastomoses incorporate all layers of the aortic wall, thereby 
 obliterating the false lumen with the suture lines and directing 
all blood flow into the true lumen. Although there are usually 
 multiple patent intercostal arteries, the extreme tissue fragility 
often  precludes their reattachment.

OUTCOMES

Aggressive pharmacological management has led to a  substantial 
decrease in mortality for patients with acute distal aortic dis-
section. Still, some 10% to 20% of medically treated patients die 
during the initial treatment phase.69,71,77 Primary causes of death 
during nonoperative management include rupture, malperfusion, 
and  cardiac failure. Risk factors associated with medical treat-
ment  failure—defined as death or need for surgery—include an 
enlarged aorta, persistent hypertension despite maximal treatment, 
oliguria, and peripheral ischemia.

Patients undergoing surgery for acute distal aortic dissection are 
a high-risk group that includes patients with rupture, neurological 
dysfunction, renal failure, and peripheral ischemia. Therefore, it is 
not surprising that results after surgery for AADs are often worse 
than those of medical therapy. Contemporary reports on acute dis-
tal dissection repairs document mortality and paraplegia rates of 
up to 34%.67,69,71,74,77–81

Despite the early survival advantage with nonoperative manage-
ment compared to surgical treatment, long-term results are simi-
lar in patients in both groups. The reported actuarial survival rates 
with nonoperative management are 58% to 76% at 5 years and 25% 
to 56% at 10 years.61,70,71 Five- and 10-year survival rates after repair 
range from 63% to 80% and 39% to 55%, respectively.71,80

Chronic Distal Dissection
Chronic aortic dissection is a progressive disease that requires life-
long management. The rationale for careful surveillance lies in the 
clinical history of the disease. Surgical intervention is eventually 
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required in 25% to 35% of patients. Rupture and ischemic events 
related to the dissection are responsible for 15% to 30% of late 
deaths.71,82

Indications for Operation
Operative repair for a chronic distal aortic dissection is required 
in the setting of a type III dissection for which successful medi-
cal management initially was achieved or in the setting of residual 
distal disease after a previous successful proximal repair of a type 
I dissection. Although subsequent dissection, malperfusion, and 
ischemic events can occur in a chronically dissected aorta, the 
majority of patients will require operative intervention for the aneu-
rysmal sequella of chronic dissections. Interval surveillance is criti-
cal in monitoring the growth of the aneurysm. Although the entire 
thoracoabdominal aorta may be dissected, dissection in and of itself 
is not an indication for graft replacement. In asymptomatic patients, 
an elective operation is considered when the aneurysmal segment 
has reached 5 to 6 cm or when it has enlarged more than 1 cm 
during a 1-year period. A lower threshold is often used for patients 
with connective tissue disorders, including Marfan, Loeys-Dietz, 
and other familial aortic syndromes.

Urgent operation is considered if the aneurysm becomes symp-
tomatic. Patients with symptomatic aneurysms are at increased risk 
of rupture and deserve expeditious evaluation and treatment. The 
onset of new pain in a patient with a known aneurysm is particu-
larly concerning and may herald significant expansion, leakage, or 
impending rupture. Emergent surgery is reserved for patients with 
clinical signs or imaging findings of rupture. Operative strategies 
are considerably different in emergent versus elective procedures. 
Patients with chronic dissection who require emergency repair 
because of acute pain or rupture undergo limited graft replace-
ment of the symptomatic segment. Although the entire thora-
coabdominal aorta may be dissected and aneurysmal, typically a 
relatively localized segment is the cause of the symptoms. Limited 
repair minimizes early postoperative  morbidity. In appropriate 

 surgical candidates,  elective repairs replace the entire descending 
 thoracic aorta and often extend to include the thoracoabdominal 
aorta (Figs. 35-6 and 35-7).

Preoperative Assessment
Given the influence of preexisting comorbidity on surgical out-
comes, a careful preoperative assessment of physiological reserve 
is critical. Most patients undergo a thorough evaluation before 
undergoing elective operation. Preoperative assessment focuses 
on cardiovascular, pulmonary, and renal status.

CARDIOVASCULAR STATUS

Coronary artery occlusive disease is common in patients with 
thoracic aortic aneurysms (TAA) and contributes to a substantial 
proportion of early and late postoperative deaths. Additionally, 
valvular pathology and myocardial dysfunction have important 
implications when planning anesthetic management and strat-
egies for aortic repair. Transthoracic echocardiography (TEE) 
is routinely obtained to evaluate both valvular and ventricular 
functions. Nuclear stress tests or comparable imaging studies 
are used selectively to identify reversible myocardial ischemia. 
Cardiac catheterization with coronary arteriography should be 
considered in patients who have evidence of coronary disease 
(on the basis of history or noninvasive studies) or an ejection 
fraction of 30% or less. Patients who have asymptomatic distal 
aortic aneurysms and severe coronary artery occlusive disease 
may undergo percutaneous angioplasty or surgical revascular-
ization before aneurysm repair.

The hemodynamic changes that occur during thoracic  aortic 
repair can precipitate stroke in patients with significant cerebro-
vascular disease. Therefore, carotid duplex ultrasound studies 
are also routinely obtained to detect occult carotid artery steno-
sis. It is recommended that significant carotid artery stenosis be 
corrected with an endarterectomy before proceeding with the 
aortic operation.

I II III IV

FIGURE 35-6 Crawford's classi-
fication categorizes thoraco-
abdominal aortic aneurysms 
(TAAA) based on extent of aortic 
repair. Extent I repairs begin in upper 
descending thoracic aorta, often near 
left subclavian artery, and extend to 
region of visceral and renal arteries. 
Extent II repairs also involve upper 
descending thoracic aorta but extend 
distally beyond renal arteries, often 
to aortic bifurcation. Extent III repairs 
begin in lower descending thoracic 
aorta (below sixth rib) and extend 
into abdominal segment. Extent IV 
repairs begin at diaphragmatic crura 
and extend distally, often involving 
entire abdominal aorta. (Reproduced 
with permission of Coselli JS, Bozinovski J, 
LeMaire SA: Open surgical repair of 2286 
thoracoabdominal aortic aneurysms. 
Ann Thorac Surg 83:S862–S864, 2007 
[Fig. 1, p. S863].)
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PULMONARY STATUS

The most common complication after descending thoracic and 
thoracoabdominal aortic repairs is pulmonary dysfunction.83 
Therefore, pulmonary function testing, including arterial blood 
gases and spirometry, is also routinely obtained before surgery 
to assess risk and allow optimization of the patient's pulmonary 
status. Patients with an forced expiratory volume in the first sec-
ond of expiration (FEV

1) exceeding 1 liter and a partial pressure 
of carbon dioxide (Pco2) below 45 mmHg are considered reason-
able candidates for elective surgery. In selected patients, border-
line pulmonary function can be improved with a 1- to 3-month 
regimen that includes smoking cessation, exercise, weight loss, 
and treatment of bronchitis. In most cases, operation is not with-
held in patients with symptomatic aneurysms and poor pulmo-
nary reserve. Surgical techniques, however, can be modified to 
improve the chance of recovery in these high-risk patients. For 
example, precautions can be taken to ensure preservation of the 
left recurrent laryngeal and phrenic nerves. Diaphragm-sparing 
techniques may also be helpful in such patients.84

RENAL STATUS

Preoperative renal status is evaluated on the basis of serum electro-
lytes, blood urea nitrogen (BUN), and creatinine (Cr) measurements. 
The computed tomography (CT) or magnetic resonance imaging 
(MRI) studies obtained to evaluate the aorta also provide information 
regarding kidney size and perfusion. Accurate information regarding 
baseline renal function has important prognostic and therapeutic 
implications. For example, patients with severely impaired renal func-
tion frequently require at least temporary hemodialysis after opera-
tion; these patients are also at increased risk of death.85 Additionally, 
perfusion strategies and perioperative medications are adjusted on 
the basis of renal function. Finally, patients with poor renal function 
due to renal malperfusion from a dissection flap or from occlusive 
disease can undergo renal endarterectomy, stenting, or bypass graft-
ing during thoracoabdominal aortic aneurysm (TAAA) repair.

Surgical Repair
OPERATIVE TECHNIQUES

Surgical strategies are determined on the basis of the extent of the 
aneurysm being repaired.86,87 Descending TAAs are confined to 
the chest and are therefore repaired through a left thoracotomy. 
In patients with TAAAs, this incision is extended across the costal 
margin and into the abdomen (Fig. 35-8A). Extent of the thoracoab-
dominal replacement is defined by the Crawford classification 
of TAAAs (see Fig. 35-6). A double-lumen endobronchial tube is 
used to allow selective right lung ventilation and left lung defla-
tion. Transperitoneal exposure of the thoracoabdominal aorta is 
achieved by dividing the diaphragm and performing medial vis-
ceral rotation.

Aortic repair usually is performed during a period of aortic 
clamping. The clamp is ideally applied distal to the left subcla-
vian artery but is often required between the left common carotid 
artery (CCA) and left subclavian artery because of the anatomy of 
the aneurysm. In patients who have undergone previous coronary 
artery bypass surgery using the left internal thoracic artery, clamp-
ing proximal to the left subclavian artery can precipitate severe 
myocardial ischemia and cardiac arrest. When clamping at this 
location is anticipated in these patients, a left common carotid–
to-subclavian bypass is performed to avoid cardiac complications. 
In certain situations, hypothermic circulatory arrest is required; 
the primary indication for this approach is the inability to clamp 
the aorta because of rupture, an extremely large aneurysm, or 
extension of the aneurysm into the distal transverse aortic arch.79 
Regardless of the technique, once proximal control is established, 
the aneurysmal segment of aorta is replaced with a polyester tube 
graft (Fig. 35-8B-J).

Because of the periaortic inflammation caused by the dissec-
tion, the vagus and left recurrent laryngeal nerves are often adher-
ent to the aortic wall and susceptible to injury during repair of the 
proximal descending segment. Careful separation of the proximal 
descending thoracic aorta from the underlying esophagus before 

A B

FIGURE 35-7 These drawings and 
aortograms illustrate presentation 
(A) and repair (B) of an extent II 
thoracoabdominal aortic aneurysm 
(TAAA) aneurysm that developed 
secondary to chronic distal aortic 
dissection. Patient had previously 
undergone repair of a proximal aortic 
dissection.
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performing the proximal anastomosis minimizes the risk of a  
secondary aortoesophageal fistula. Important branch vessels—
including the intercostal, celiac, superior mesenteric, renal, and 
lumbar arteries—are reattached to openings made in the graft.

When the dissection extends into the visceral or renal arter-
ies, the membrane can be fenestrated or the false lumen can be 
obliterated using sutures or intraluminal stents.88 Asymmetrical 
expansion of the false lumen often displaces the left renal artery 
laterally enough to require separate reattachment or use of a side 
branch graft. If the dissection stops at the level of the visceral ves-
sels, the distal anastomosis can be beveled to include the abdom-
inal branches. Although it is tempting to resect as much of the 
dissected aorta as possible, risks of the operation are incrementally 
increased with the greater extent of aortic replacement. Adjacent 
dissected aorta that is not aneurysmal is fenestrated by resecting 
wedges of the dissecting membrane proximally and distally from 
within the aortic cuffs, allowing blood to flow through both true 
and false channels after the reconstruction is completed. The distal 
anastomosis is accomplished in an open fashion with rapid direct 
reinfusion of the filtered whole blood via a cell saver system.

ORGAN PROTECTION

Clamping the descending thoracic aorta creates ischemia of the 
spinal cord and abdominal viscera. Clinically significant postoper-
ative manifestations of hepatic, pancreatic, and bowel ischemia are 
relatively uncommon. Acute renal failure and spinal cord injury, 
however, are the main causes of morbidity and mortality after these 

operations. Therefore, several aspects of the operation are devoted 
to minimizing spinal and renal ischemia86 (Box 35-4). A multimo-
dality approach to spinal cord protection includes cerebrospinal 
fluid drainage, mild permissive hypothermia (32°C-34°C, nasopha-
ryngeal), moderate systemic heparinization to prevent  small-vessel 
thrombosis, distal aortic perfusion with left heart bypass during 
proximal anastomosis, sequential clamping of the lower aortic 
segments to reestablish flow to proximal organs as the proximal 
anastomoses are completed, and reattachment of the segmental 
intercostal and lumbar arteries. Cerebrospinal fluid drainage is 
used in extensive thoracoabdominal repairs (i.e., extents I and II)  
and in selected redo surgeries or other complicated situations. 
Benefits of cerebrospinal fluid drainage, which improves spinal 
perfusion by reducing cerebrospinal fluid pressure, have been con-
firmed by a randomized clinical trial.89 Left heart bypass, which 
provides perfusion of the distal aorta and its branches during the 
proximal clamp period, is also used during extensive thoracoab-
dominal aortic repairs.90 Because it unloads the heart, left heart 
bypass is also useful in patients with poor cardiac reserve. The 
visceral and distal aortic anastomoses are completed in an open 
fashion with the distal clamp off. During this time, balloon perfu-
sion cannulas connected to the left heart bypass circuit can be 
used to deliver blood directly to the celiac axis and superior mes-
enteric artery (SMA) during their reattachment. Potential benefits 
of reducing hepatic and bowel ischemia include reduced risks of 
postoperative coagulopathy and bacterial translocation, respec-
tively. Whenever possible, renal protection is enhanced by perfus-
ing the kidneys with cold (4°C) crystalloid.91,92

FIGURE 35-8 Surgical techniques 
involved in repairing an extent II 
thoracoabdominal aortic aneurysm 
(TAAA) related to chronic aortic 
dissection. A, Repair is performed 
through left thoracoabdominal incision. 
B, Aortic clamps are applied after 
establishing distal aortic perfusion via a 
left heart bypass circuit. C, The segment 
of aorta isolated between clamps is 
opened. D, Dissecting membrane is 
excised, and intercostal arteries are 
ligated.
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OUTCOMES

When performed in specialized centers, these operations achieve 
excellent survival with acceptable morbidity.67,77,78,81,93–95 Early mor-
tality for chronic distal dissection repair ranges from 6% to 10%. 
Predictors of operative mortality include increasing age, congestive 
heart failure (CHF), aortic rupture (contained or free), and preopera-
tive renal failure. Risk of paraplegia or paraparesis is 3% to 9%. These 
outcomes are significantly better than those obtained in patients who 
undergo surgery during the acute phase. For example,  comparative 

results in patients who require replacement of the entire thoracoab-
dominal aorta (extent II repairs) in chronic versus acute settings 
include early mortality in 5% versus 10%, paraplegia/paraparesis in 
5% versus 11%, and renal failure in 13% versus 20%, respectively.93

Postoperative Considerations
Postoperative management remains critical in optimizing organ out-
comes and preventing morbidity. Maintaining organ perfusion while 
preventing hypertension requires close monitoring. Aortic anas-
tomoses are often extremely fragile during the early postoperative 
period, especially after acute dissection repair. Even brief episodes  
of postoperative hypertension can disrupt suture lines and precipi-
tate severe bleeding or pseudoaneurysm formation. Therefore, during 
the initial 24 to 48 hours, aggressive blood pressure control is main-
tained to protect the integrity of the anastomoses. Nitroprusside and 
intravenous (IV) β-adrenoreceptor antagonists are routinely used to 
maintain mean arterial blood pressure at 80 to 90 mmHg. In patients 
with extremely friable aortic tissue, such as those with acute dissec-
tion or MFS, a lower target (70-80 mmHg) is used.

While preventing hypertensive episodes, maintaining adequate 
blood pressure, preload, and cardiac inotropic state are important 
in preventing delayed paraplegia and postoperative renal failure. In 
the absence of postoperative bleeding, blood pressure should be 
kept near its preoperative baseline level. Delayed paraplegia can 
arise hours to days after aortic surgery. In the postoperative period, 

G
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FIGURE 35-8—Cont'd E, Graft is 
sutured to proximal descending thoracic 
aorta. F, Clamps are repositioned to 
restore perfusion of left subclavian 
artery,  left heart bypass is stopped, and 
remainder of aneurysm is opened. G, 
Dissecting membrane is removed to 
allow identification of patent segmental 
arteries and origins of visceral and 
renal arteries. H, Blood from left heart 
bypass circuit is delivered to celiac axis 
and superior mesenteric artery (SMA)
via balloon perfusion catheters. Cold 
crystalloid is delivered to kidneys through 
catheters placed in renal arterial ostia. 
Critical intercostal arteries are attached to 
an opening in graft. I, Reattachment of 
visceral branches and (J) the distal aortic 
anastomosis complete the repair.

All Extents
Permissive mild hypothermia (32°C-34°C, nasopharyngeal)
Moderate heparinization
Aggressive reattachment of segmental arteries (especially T8-l1)
Sequential aortic clamping when possible
Perfusion of renal arteries with 4°C crystalloid solution when possible

Extent I and II Thoracoabdominal Repairs
Cerebrospinal fluid drainage
left heart bypass during proximal anastomosis
Selective perfusion of celiac axis and superior mesenteric artery (SMA)

during intercostal and visceral/renal anastomoses

Box 35-4  Strategies for Spinal Cord, Visceral, and 
Renal Protection During Repair of Distal 
Thoracic Aortic Dissection
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strategies to reverse paraplegia include inducing systemic hyper-
tension, decreasing cerebrospinal pressure by cerebrospinal fluid 
drainage, correcting anemia, preventing fever, and administering 
cardiac inotropes, mannitol, and steroids.96 Recovery from paraple-
gia is possible, but if cord function does not return promptly after 
these measures are taken, such a recovery is not likely.

Aortic graft infections are a threat to anastomotic integrity and are 
associated with extremely high morbidity and  mortality.97 Definitive 
treatment often requires complete removal of the graft and complex 
vascular reconstruction. In an attempt to prevent this complication, 
administration of IV antibiotics is recommended until all drains, 
chest tubes, and central venous lines are removed. Similarly, all post-
operative infections are treated aggressively with parenteral antibiot-
ics to minimize the risk of secondary graft infection.

Vocal cord paresis is not uncommon after dissection at the dis-
tal arch. Resulting hoarseness is a concern that affects both voice 
and postoperative pulmonary toilet (owing to ineffective cough). 
Thyroplasty can improve functional status and is performed early 
before discharge.98 An exception would be in the event of antici-
pated reintubation for a planned subsequent operation, such as 
completion of an elephant trunk. Reintubation can potentially dis-
turb the thyroplasty, in these cases, initial vocal fold medialization 
can be achieved via collagen injection, and definitive thyroplasty 
can be performed at a later time.

The View Ahead
The landscape of thoracic aortic surgery is changing rapidly. As 
patient age and disease complexity continue to increase, new 
challenges are being met with innovative treatment strategies and 
technological advances. As we gain experience with endovascu-
lar aortic stent-grafts, new indications are being explored (see 
Chapter 36). The role of stent-grafts continues to expand in both 
the hybrid setting and stand-alone situations. Improvements in our 
understanding of the molecular mechanisms of dissection may 
lead to novel forms of medical treatment aimed at reducing the 
rate of aortic expansion and risk of fatal rupture.
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Acute aortic dissection (AAD) is a precipitous event associated 
with a wide range of outcomes from uncomplicated to cata-
strophic. Current endovascular strategies are based on identifying 
features that portend increased risk of death or other poor out-
come and applying interventional techniques to prevent the life-
threatening complications of the dissection.1–3

During the last 2 decades, there has been increasing interest 
in exploring endovascular procedures for management of  aortic 
 dissection.4–13 Initially, endovascular approaches focused on 
addressing branch vessel involvement and ischemic complications 
associated with the dissection process8,9 (Fig. 36-1). Subsequently, 
endovascular aortic stent grafts (initially developed to repair aor-
tic aneurysms) were applied in type B aortic dissection to cover  
the primary entry tear of the dissection and promote thrombosis of 
the thoracic aortic false lumen4,5 (Fig. 36-2). These basic endovas-
cular tactics are now routine in the contemporary armamentarium 
for treatment of aortic dissection and its myriad manifestations.

Endovascular approaches are complementary to the two tradi-
tional therapeutic paradigms of open surgical repair for type A dis-
section and medical treatment for uncomplicated type B disease. 
Invasive interventional procedures fit between the existing opera-
tive and noninvasive alternatives to provide effective options for 
type A dissection with severe branch vessel compromise (before 
or after ascending aortic repair), complicated type B dissection 
(branch vessel involvement, descending aortic rupture, exten-
sion of disease or early aortic dilation, etc.), arch involvement, and 
ascending aortic intramural hematoma associated with an intimal 
tear distal to the left subclavian artery.

This chapter will review the specific endovascular procedures 
currently in use to manage aortic dissection, the patient subgroups 
in which these techniques are commonly employed, and the 
 outcomes of these interventions.

Branch Vessel Interventions
Branch vessel involvement accompanying aortic dissection 
is a well-recognized complication occurring in over 30% of 
cases.7,8,14 For appropriate intervention selection, the pathoana-
tomical concepts of static and dynamic branch involvement are 
crucial to selection of the endovascular option for reperfusion of 
an affected vascular bed.15–17 As the dissection process extends 
distally from the primary entry tear, the dissection septum may 
engage the ostia of branch vessels. If the aortic flap, which con-
sists of the intima and portion of the media shorn away from the 
wall, engages a branch orifice as it extends, two pathophysiologi-
cal situations referred to respectively as static and dynamic branch 
involvement may occur (Fig. 36-3).

Static Branch Involvement
One manifestation that may arise when the advancing dissection 
septum intersects an aortic branch is static branch vessel involve-
ment (Fig. 36-4). In static involvement, the aortic dissection flap 
extends directly into the branch for a variable distance. In contrast 
to the geometry described earlier, orientation of the septal trajec-
tory is such that the branch ostium is incompletely engaged by the 
edge of the dissection plane. Rather than being circumferentially 
shorn by the septum, there is only partial circumferential involve-
ment of the branch by the dissection. The aortic flap extends into 
the branch, creating a false lumen within the artery. As a result, the 
individual branch has both a true and false lumen like the aorta.

Similar to the aorta, a branch affected by static involvement may 
have multiple fates. At the end of the dissection where the flap ter-
minates in the branch, a reentry tear in the false lumen may or may 
not occur. If a reentry tear occurs at the end of the false lumen, 
branch perfusion results from blood flow in both the true and false 
lumens. In many such cases, dual lumen perfusion is not associ-
ated with ischemic branch vessel symptoms. If reentry does not 
occur in cases of static branch vessel involvement, however, the 
false lumen within the branch has no outflow. The absence of a 
distal tear to allow communication with the vascular bed beyond 
the dissection may impair blood flow significantly. This no reen-
try state within the branch's false lumen renders perfusion lim-
ited to that contributed by the true lumen. Unfortunately, the true 
lumen may be compromised by the engorged false lumen. The 
blind pouch of the false lumen, without outflow, swells to a maxi-
mum dimension at its distal end. The pressure exerted by the false 
lumen severely distorts and compresses the true lumen to mark-
edly reduce branch vessel flow. Commonly, the degree of ischemia 
experienced by the involved vascular bed may be significant and 
can lead to irreversible tissue necrosis if not relieved quickly.

In no-reentry situations, a local solution directed at improving 
flow within the affected artery is required because the problem is 
localized within the specific branch. Two options for endovascu-
lar treatment are possible. Resistance to outflow within the false 
lumen may be decreased by creating a distal tear or fenestration 
within the blind channel. This can be accomplished with the end 
of a guidewire or other endovascular probe placed within the false 
lumen through the aortic false lumen. This approach is associ-
ated with practical challenges, including the avoidance of distal 
extension of the dissection process, safe penetration of the false 
lumen wall to create an effective outflow tear, and determination 
of the presence of thrombus within the blind sac of stagnant false 
lumen blood to avoid its distal embolization.

In most cases, the preferred strategy involves increasing branch 
flow by decreasing the resistance to true lumen blood flow. This 
is performed by placing a stent in the true lumen of the branch 
through catheterization from the aortic true lumen. The stent is typ-
ically placed from beyond the end of the false lumen in the branch 
back to the aortic true lumen. A self-expanding nitinol stent is 
commonly employed because this distance is frequently greater 
than 2 cm and because there is a risk of squeezing any existing 
clot out of the false lumen with a balloon-expandable stent. These 
stents are sized to the total transarterial diameter of the branch and 
allowed to progressively expand on their own (post deployment) 
without supplemental balloon dilation. There are many success-
ful reports of this approach in mesenteric, renal, and iliac arteries 
affected by no-reentry or static involvement.8,9,18,19

Occasionally, static branch vessel involvement with reentry 
anatomy and double-barrel flow may require endovascular inter-
vention. The most common indication for stent placement in this 
setting occurs with involvement of a renal artery (Fig. 36-5). The 
kidney supplied by a dissected renal artery may be affected by the 
physical presence of a flap within the branch. The variable flow 
reduction caused by the flap, and resultant disrupted pattern of 
true and false lumen perfusion, may contribute to an exacerbation 
of hypertension. In cases where high blood pressure is sustained 
and recalcitrant to numerous intravenous ( IV) medications, endo-
vascular intervention may be warranted to restore a single lumen 
without flap. The approach to treatment involves placement of a 
balloon-expandable renal stent within the true lumen of the renal 
artery through the aortic true lumen. In most cases, this type of 
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FIGURE 36-2 Aortic dissection with rupture. A, Thoracic aortogram demonstrates type B aortic dissection with mid-descending aortic rupture. B, Repeat 
aortogram following placement of thoracic endograft over proximal entry tear just above the site of rupture, without evidence of residual contrast extravasation.
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FIGURE 36-3 A, Static obstruction. Dissection has extended into a branch vessel. B, Dynamic obstruction. Membrane is lying across and obstructing origin of 
branch vessel. TL, true lumen; FL, false lumen.

A B

FIGURE 36-1 Type B aortic dissection with proximal entry tear distal to left subclavian artery, retrograde extension, ascending intramural 
hematoma, and rupture into left chest. A, Non–contrast-enhanced axial computed tomography (CT) image through the aorta demonstrates an ascending aortic 
mural-based ring with increased density, indicative of intramural hematoma. Also apparent is abnormal extravascular tissue surrounding aorta, with characteristic 
appearance of a rupture with clot. B, Series of images from a thoracic aortogram demonstrate entry tear just beyond left subclavian artery, with contrast media 
opacifying both the true and false lumens. Precise point of rupture is not identified.
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reentry involvement does not extend into the branch as far as the 
no-reentry extension. Thus, stents less than 2-cm long are typically 
implanted. This technique is well established at most centers that 
manage cases of aortic dissection frequently.

Dynamic Branch Involvement
In addition to primary branch pathology that occurs as a com-
plication of aortic dissection, another mechanism, dynamic 
branch vessel involvement, may be responsible for organ isch-
emia. Dynamic branch involvement is a phenomenon associated 
with obstruction to branch vessel flow by an aortic septum that 
has prolapsed over the branch ostia like a curtain. In contrast to 
static involvement, where the aortic flap extends directly into a 
branch, dynamic obstruction occurs as an aortic process exclu-
sively without an associated branch lesion. Propagation of the aor-
tic flap may  create a circumferential cleavage of the aortic wall 
surrounding the branch ostium (Fig. 36-6). Factors associated 
with this event include the flap trajectory, the resultant orientation 
of the septal plane proximal to the branch, and the inclusion of 
the ostium by the cleaved flap as it extends past. In this situation,  
the dissection septum surrounds the branch ostium as it tears  

distally. The  cleavage plane extends 1 to 2 mm into the branch, and 
then circumferentially reenters, creating a cylindrical tear, coring 
out a short segment of the intimal/medial lining of the most proxi-
mal aspect of the branch. The septum retracts into the aortic lumen 
with a fenestration corresponding to the branch orifice. This gives 
the flap a stencil-like appearance when viewed en face, with the 
number of holes related to the number of branch vessels involved 
by this phenomenon. When imaged in an axial plane, the affected 
artery appears to originate exclusively from the aortic false lumen. 
Closer inspection usually allows identification of a tear in the flap 
at the level or adjacent to the level of the branch. The flap often 
displays small projections angled from the edge of the tear, giving 
its outline on axial imaging an appearance similar to the contour 
of a metal rivet, the short-legged extensions corresponding to the 
amputated proximal lining of the branch.

In dynamic branch obstruction, hemodynamic flow patterns 
result in a large aortic false lumen with a diminutive or col-
lapsed true lumen. There is variability, however, in the degree 
of true lumen obliteration related to the dynamic compromise.

In the majority of aortic dissection cases with true and false 
lumen aortic flow (often called double-barrel flow), the process 
described does not cause critical branch perfusion abnormalities. 

A B C

FIGURE 36-4 Magnetic resonance imaging (MRI) of static branch vessel involvement of iliac arteries. A, Coronal image of pelvis identifies a flap extending 
into right common iliac artery (CIA) and down to distal external iliac artery (EIA). Flow is evident in both true and false lumens within the right iliac artery. This is an 
example of static involvement with direct flap extension from the aorta into a branch. At the end of the dissection within the EIA, there is a distal reentry tear. This 
terminal tear establishes double-barrel flow within the iliac artery, which is rarely associated with ischemic symptoms. B-C, Similar coronal views show flap extension 
into left iliac system, but a segmental flow void (black segment) within false lumen of left CIA. This is associated with a no-reentry situation at distal extent of false 
lumen. No reentry within a branch is typically associated with obstruction of true lumen by a dilated false lumen cul-de-sac. The flow void noted may represent 
thrombosis in a blind channel or simply no blood flow. The usual consequence of this phenomenon of no reentry is branch vessel ischemia due to a lack of false lumen 
perfusion and compromised true lumen branch flow.

A

Bilateral Renal Art cpr

B

FIGURE 36-5 Computed tomography (CT) images of true and false lumen relationships to renal arteries. Axial (A) and coronal (B) CT images at level 
of left renal artery show that left renal artery is supplied by the false lumen (left aortic lumen). True lumen is located along right wall of aorta, and flap shows a 
characteristic natural fenestration or defect corresponding to left renal ostium. Flap around fenestration has small tail-like extensions pointing to the left that represent 
the initial few millimeters of left renal intimal lining that were torn away with the retracted aortic septum.
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Flow to the branch originates primarily from the false lumen, with a 
small contribution from the true lumen through the corresponding 
fenestration in the aortic septum. Most of the false lumen flow usu-
ally occurs in diastole. During systole, the small contribution from 
the true lumen arrives through the septal window into the false 
lumen and branch. If the proximal primary tear is very large or the 
entry tear is in close proximity to the branch, the dominant flow 
pattern supplying branch perfusion may be in systole. In general, 
a branch that originates exclusively from the aortic false lumen is 
rarely affected by an ischemic complication.

Consistently, the aortic septum prolapses with a convex contour 
toward a compromised crescent-shaped true lumen. Consequently, 
all branches originating from the true lumen are at risk of obstruc-
tion. In this regard, the aortic septum in a dynamic obstructive 
process often assumes a coronal position, oriented across the 
aorta from left to right, in the distal descending thoracic proximal 
abdominal aortic segments. Consequently, the anteriorly oriented 
mesenteric vessels are in peril of ischemia because they frequently 
originate exclusively from a miniscule aortic true lumen. The like-
lihood of developing clinically relevant dynamic branch vessel 
compromise appears related in part to the area of the proximal 
entry tear. Although the process of dynamic involvement is depen-
dent on multiple factors, as a general rule, the more severe the 
true lumen collapse, the larger or more circumferential the size of 
the proximal primary entry tear. Management of more than one 
 ischemic vascular bed related to dynamic branch involvement and 

an obliterated aortic true lumen that supplies the compromised 
branches is most expeditiously and effectively approached by an 
endovascular aortic procedure rather than a strategy directed at 
the individual branches.

More than one mechanism of branch involvement can coexist 
in any given patient. The clinical manifestations and the analysis of 
imaging for any patient requires an individualized approach that 
must synthesize information and aortic and branch vessel involve-
ment to customize an optimal treatment strategy that will safely, 
successfully, and durably address the most compelling effects of 
the dissection.

Aortic Interventions
Endovascular aortic stent grafting is a less invasive alternative to 
open surgery for selected patients with both thoracic and abdomi-
nal aneurysms. Recently, the application of similar technology for 
management of acute aortic syndromes, including aortic dissec-
tion, has emerged as a focus of interest and study.7,10–13,20,21 As with 
any new procedure, the key question is the determination of spe-
cific patient populations who may benefit from the new technique. 
In this regard, the use of traditional classification parameters for 
risk stratification of aortic dissection patients has advanced evalu-
ation of the possible benefits and risks of endograft management.

Nearly all experience in endograft management of aortic 
 dissection has been with type B disease when there is exclusive 

FIGURE 36-6 Magnetic resonance 
imaging (MRI) demonstrates dyna-
mic branch vessel involvement, 
with aortic true lumen collapse and 
accompanying static no-reentry 
obstruction of left common iliac 
artery (CIA). A-C, Axial MRI shows 
wafer-thin crescent-shaped true lumen 
collapsed against anterior aortic wall at 
level of visceral arteries. Aortic septum 
prolapses like a curtain across the origins 
of branches originating from true 
lumen, with resultant malperfusion and 
multiorgan ischemia. D, At the level just 
below aortic bifurcation, there is marked 
asymmetry in appearance of CIAs. 
Lumen of left CIA has a flow void (black 
circle) due to static involvement without 
reentry that coexists with the dynamic 
process observed more proximally.

A B

C D
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involvement of the descending thoracic aorta. Experience with 
endograft applications in type A dissection is limited to isolated 
case reports. In the United States, type B aortic dissections consti-
tute approximately 30% to 35% of all dissections. The initial risk 
stratification of the type B dissection is made with the determina-
tion of the presence or absence of complications.

Medical management is the traditional treatment strategy for 
uncomplicated acute aortic dissection. Current reports cite a 
30-day mortality rate of approximately 10%.22,23 Use of stent grafting 
for stable uncomplicated patients with type B aortic dissection has 
yet to realize any improvement in survival compared to traditional 
medical therapy. Indeed, current conservative noninterventional 
management of uncomplicated cases is associated with 1-year sur-
vival rates of around 80%. Such results may be hard to improve 
upon with endograft therapy.23,33

Stent Grafts for Uncomplicated  
Type B Dissection
The Investigation of Stent Grafts in Patients with Type B Aortic 
Dissection (INSTEAD) trial observed that elective stent graft place-
ment in survivors of uncomplicated chronic type B dissection 
does not improve 1-year survival and adverse event rates com-
pared with medical therapy. Among the 140 patients randomized 
in this prospective trial, 1-year survival was 91% compared with 97% 
in patients randomized to medical therapy.34,35 Moreover, aorta-
related mortality was not different, and the risk for the combined 
endpoint of aorta-related death (rupture) and progression (includ-
ing  conversion or additional endovascular or open surgical inter-
vention) was similar.

In the setting of complicated aortic dissection, medical manage-
ment is associated with a high mortality rate, such that most patients 
will undergo surgery to address life-threatening complications.2,4 
Depending on the patient's underlying medical conditions and the 
nature of the complication(s), surgical mortality rates range from 
between 30% and 60% or higher.24,25 It is in these high-risk scenar-
ios that an opportunity exists to establish a role for interventional 
management. Thus the question becomes, What constitutes compli-
cated type B aortic dissection? There is no strict definition for this 
category of disease, but traditionally it is relegated to two unam-
biguous disease manifestations: aortic rupture (Fig. 36-7) and symp-
tomatic branch vessel involvement. These conditions are clear and 
their diagnosis unequivocal. Other adverse effects of the dissection 
process, such as uncontrollable hypertension, unrelenting pain, 

and increasing pleural fluid, defy easy classification and do not 
have uniform criteria for comparative assessment. These  so-called 
softer indications for intervention are commonly included as a 
surgical indication in most published series of acute complicated 
dissection.8,26

Endograft Treatment of Complicated  
Type B Dissection
The procedural goal for endovascular stent grafting in patients 
with complicated acute type B aortic dissection is endograft elimi-
nation of blood flow entry into the proximal entry tear. Obliterating 
the primary communication between the true lumen and the false 
redirects pulsatile flow into the true lumen, promotes false lumen 
thrombosis, and ultimately improves remodeling of the aorta by 
increasing the dimensions of the true lumen while shrinking the 
false lumen (Fig. 36-8).

Specific procedural techniques vary depending on the  precise 
complication. Faced with dynamic branch vessel involvement 
and clinically relevant obstruction compromising flow to one or 
multiple branches, the procedural strategy focuses on unload-
ing the aortic false lumen by increasing resistance to false 
lumen inflow or decreasing resistance to its outflow. The former 
is attempted by deploying an endograft over the proximal pri-
mary entry tear and rechanneling all flow into the true lumen. 
Logistically, this typically involves placement of a 15-cm-long 
(range 12-20 cm) stent graft from the nondissected segment of 
aorta proximal to the primary intimal tear, commonly between 
the origins of the left carotid and left subclavian arteries. This may 
require intentional partial or complete coverage of the left subcla-
vian origin. The distal extent of the device usually remains above 
the diaphragm. The diameter of the implant selected is based on 
the transaortic dimension of the nondissected aorta just proximal 
to the dissection, rather than the size of the true lumen or trans-
aortic diameter of the dissected segment.

Endovascular Treatment of Branch Vessel 
Involvement
The outcomes of stent graft therapy for reversal of dynamic branch 
vessel involvement are excellent, with procedural success in up 
to 95% of cases and complete false lumen thrombosis in 85% of 
patients.7–9 These procedures are associated with 67.7% 5-year 
freedom from aortic rupture and open repair.9 Additionally, static 

A B C

FIGURE 36-7 Acute type B aortic dissection with rupture in a 68-year-old woman. A, Frontal chest radiograph upon presentation to emergency room 
with severe back pain and hypertension that occurred while gardening. B, Axial computed tomography (CT) scan after contrast media administration shows typical 
appearance of aortic dissection in mid-descending aorta. C, Repeat chest radiograph performed after transfer to referral facility 4 hours after initial study, with marked 
interval change including opacification of left hemithorax from leaking blood.
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branch involvement remote from the covered proximal aortic 
entry tear may require separate targeted intervention to manage 
residual ischemic compromise. This is especially important in 
cases with no-reentry anatomy complicating static branch involve-
ment. In these situations, endovascular branch intervention should 
be provided emergently.

An alternative to endograft placement in dynamic branch 
compromise is distal flap fenestration.9,27 Percutaneous bal-
loon fenestration of the aortic septum has replaced the opera-
tive procedure. Balloon fenestration of the septum is designed 
to unload the aortic false lumen by decreasing the resistance to 
outflow. Technically, initial transgression of the aortic flap with 
a small cardiac transseptal TIPS needle and cannula usually is 

performed from the small true lumen into the larger target of 
the false channel. The site of the  needle puncture commonly lies 
within the infrarenal aorta at the level of the aortic bifurcation. 
Once successful transgression of the septum is confirmed, a wire 
is advanced across the flap and well into the targeted lumen. 
Sequentially larger balloon dilation of the flap is performed until 
a final size of between 20 and 25 mm is obtained.

Balloon fenestration causes a linear transverse tear in the flap 
that allows greater mixture of blood between the two aortic chan-
nels and decompresses the true lumen. These effects must be 
confirmed by aortography or intravascular ultrasound (IVUS) to 
ensure relief of the dynamic pattern of branch obstruction. After 
these two endovascular (endograft or fenestration) procedures, 

A

B

FIGURE 36-8 Treatment and follow-up imaging of type B aortic dissection with rupture. A, Aortograms pre- and post placement of a thoracic endograft 
across mid-descending aorta entry tear of a type B dissection in the 68-year-old woman described in Figure 36-7. B, Series of axial computed tomography (CT) images 
obtained 1 week postendograft management of a type B dissection with rupture. Stent graft is in good position, and false lumen is thrombosed. Residual extravascular 
blood and hematoma are evident.
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imaging comparisons of the anatomical effects (with computed 
tomography [CT], magnetic resonance imaging [MRI] or IVUS), 
including changes in the size of the aortic lumens, typically dem-
onstrate a more dramatic result following endograft management. 
Specifically, the magnitude of true lumen expansion with stent 
grafting is greater than that observed after distal flap fenestration. 
Because false lumen fenestration promotes flow in the false lumen, 
whereas endograft placement promotes false lumen thrombosis, 
the latter is thought to be a superior method to minimize late aneu-
rysm formation. Consequently, the opportunities for percutaneous 
balloon fenestration are decreasing now that thoracic endograft 
availability has improved. Fenestration is typically limited to situa-
tions when stent grafts are unavailable or when the specific aortic 
anatomy is unsuitable for endograft placement.

Aortic Rupture
Rupture that complicates aortic dissection is an interventional 
imperative.28,29 The procedural considerations for aortic rupture 
focus on preventing exsanguination. Both open surgical and endo-
vascular therapies are associated with high mortality and morbi-
dity rates in the presence of aortic rupture. Recent reports suggest 

that endovascular approaches permit treatment of more patients, 
including older and less fit individuals whose operative risk in this 
setting is prohibitive.21,28,29

Localizing the precise site of rupture noninvasively is not always 
possible. The point of rupture through the false lumen wall may 
be evident by the presence of contrast enhancement beyond the 
anticipated aortic border, though this occurs typically in the set-
ting of severe hemodynamic instability or shock (Fig. 36-9). More 
commonly, a periaortic, mediastinal, and/or pleural collection is 
evident on CT imaging, which has an appearance and attenua-
tion value consistent with hematoma or complex fluid. This abnor-
mality may be most prominent around a focal aortic segment or 
extend diffusely over a wider zone.

The goal of endograft management for aortic rupture is cover-
age of the proximal entry tear, with isolation of the false lumen, 
to ensure false lumen obliteration and expeditious thrombosis. 
It is thrombosis of the false lumen that prevents aortic leakage 
of blood. To facilitate rapid false lumen thrombosis, the overall 
endograft coverage of the aorta is often longer than that used for 
other thoracic pathologies. By extending the length of coverage 
(20-30 cm) to at least the level of the diaphragm or celiac trunk, 
the aortic  septum is braced by the stent in the true lumen, and the 

A

B

FIGURE 36-9 Endograft management of aortic dissection with rupture. A, Axial and sagittal computed tomography (CT) images of 59-year-old man with 
acute type B dissection with primary tear distal to left subclavian artery and retrograde extension into the proximal arch (DeBakey class IIID) complicated by rupture. 
Axial projection shows a large quantity of extravascular fluid, and sagittal image shows a faint wisp of contrast extravasation above aorta, just distal to subclavian artery. 
B, Three views from the stent graft procedure, with the left and middle panels before device placement, and the right panel after deployment. A good result is evident, 
with contrast opacification of the true lumen only.
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thoracic false lumen is converted to a long, inverted cul-de-sac, or 
blind pouch. Then with flap pulsation limited by the buttressing 
stent, blood in the false lumen becomes stagnant and prone to 
thrombosis.30–32

False lumen thrombosis is critical because the precise rupture 
point in any individual patient is frequently unknown, and the 
breech may exist well below the entry tear. Simple coverage of 
the proximal entry may then eliminate direct flow into the false 
lumen, but if distal retrograde flow from abdominal sources per-
sists, the risk of a continued leak exists and morbidity remains. 
Although this strategy is associated with considerable mortality 
and procedural complications, it represents an addition to the 
existing treatment armamentarium.

Other Indications for Aortic Endografts
The question of unidentified patient subgroup(s) who present 
with uncomplicated acute type B aortic dissection who may ben-
efit from endograft placement remains. Some investigators have 
identified certain high-risk features in patients with acute uncom-
plicated type B dissection that may portend an increased risk of 
early aneurysm formation and increased mortality. These features 
include measurements of various aortic dimensions at the time of 
initial diagnosis. Initial attempts to propose high-risk criteria from 
CT imaging considered descriptive features associated with a poor 
prognosis and disease progression, such as a patent false lumen, 
a gaping and circumferential entry tear with resultant small true 
lumen, and a dominant false lumen with early fusiform expan-
sion of the proximal descending aorta within 3 months of initial 
symptoms.

Marui et al. proposed that patients with uncomplicated aortic 
dissection and transaortic diameter greater than 40 mm were at 
high risk of rapid aortic expansion.36 When applied to larger groups 
of patients with dissection, this benchmark provided modest prog-
nostic value. The poor results encouraged others to focus on the 
issues and pursue more in-depth imaging analysis. Thereafter, 
Marui et al. offered an improved prognostic factor that was based 
on the extent of proximal descending aorta dilation at the time of 
initial diagnosis37: the fusiform index. This index is defined as the 
maximum transaortic diameter of the distal aortic arch divided by 
the sum of the minimum diameter of the proximal aortic arch plus 
the aortic diameter at the level of the pulmonary artery. A value 
greater than 0.64 anticipates late aortic events in patients with 
uncomplicated type B aortic dissection. The investigators recom-
mended that patients with these predictors should undergo early 
intervention with open surgery or stent graft implantation.

Immer et al. analyzed imaging studies (CT or MRI) over the 
initial 18 months after diagnosis in 84 patients with acute type 
A aortic dissection.38 They concluded that a large false lumen at 
the time of the initial diagnostic scan is the strongest predictor of 
subsequent downstream aortic enlargement. This was especially 
true if the true lumen was less than 30% of the overall transaortic 
area 6 months after aortic surgery for repair of type A dissection.

This concept of the initial false lumen diameter as a determinant 
of late clinical deterioration was evaluated for type B disease in 
2007 by Song et al.39 These authors studied 100 consecutive patients 
with acute aortic dissection, including 51 with type A dissection and  
49 with type B dissection. Over half of the patients underwent CT 
imaging follow-up through 24 months. Of these, an aneurysm (diame-
ter > 60 mm) was diagnosed in 28%, with the maximal aortic diameter 
located in the proximal descending segment. A greater than 22-mm 
initial false lumen diameter of the upper thoracic segment of the 
descending aorta predicted late aneurysm formation with a sensi-
tivity of 100% and a sensitivity of 76%. The 42 patients with an initial 
false lumen diameter greater than 22 mm had a higher event rate 
than the 58 with smaller false lumen aortic diameters (aneurysm, 
42% vs. 5%; or death, 12% vs. 5%).

More recently, another predictive feature for early compli-
cation and clinical deterioration was described by Tsai et al. 
after reviewing data from the International Registry of Aortic 

Dissection (IRAD).40 They reviewed 201 cases of type B acute 
aortic  dissection. During the index hospitalization, 114 patients 
(56.7%) had a patent false lumen, 68 patients (33.8%) had par-
tial thrombosis of the false lumen, and 19 (9.5%) had complete 
thrombosis of the false lumen. The mean 3-year mortality rate for 
patients with a patent false lumen was 13.7%, for those with par-
tial thrombosis was 31.6%, and for those with complete thrombo-
sis was 22.6%. Although postdischarge mortality was high among 
patients with acute type B aortic dissection, partial thrombosis, 
as compared with complete patency, is a significant independent 
predictor of postdischarge mortality (relative risk, 2.69; 95% confi-
dence interval [CI], 1.45-4.98; P = 0.002).

In the future, it is likely that more sophisticated analysis will iden-
tify additional factors beyond simple dimensional aortic measure-
ments to better predict patients with acute type B aortic dissection 
who are at increased risk of disease progression, rapid deteriora-
tion, or acute rupture. As prognostic evaluation of aortic dissection 
improves, the use of endovascular approaches will better target 
and improve outcomes of this disease.
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C H A P T E R  37  Pathophysiology, Epidemiology, and 
Prognosis of Aortic Aneurysms
Reena L. Pande, Joshua A. Beckman

Aortic aneurysms result in significant morbidity and mortality, 
accounting for nearly 13,000 deaths and 55,000 hospital discharges 
per year in the United States.1 Although aneurysms may affect any 
part of the aorta from the aortic root down to the abdominal aorta, 
the prognosis and outcome in patients with aortic aneurysms vary 
based on location and underlying etiology. Timely and appropri-
ate intervention may improve the natural history of the disease 
 process. This chapter reviews the pathophysiology, epidemiology, 
and prognosis of aortic aneurysms.

The Normal Aorta
The aorta is the large conduit vessel through which the heart deliv-
ers blood to the entire body. It courses from the heart through the 
thorax and abdomen, and ultimately bifurcates into the common 
iliac arteries (CIAs) in the abdomen. In the thorax, the aorta can 
be subdivided into three segments: ascending aorta (from the 
base of the heart to the innominate artery), transverse aorta or 
aortic arch (including the great vessels and extending to the left 
 subclavian artery), and descending aorta (from the distal edge of 
the  subclavian artery to the level of the diaphragm) (Fig. 37-1).

Like other arterial structures, the aorta is composed of three 
layers: tunica intima, tunica media, and adventitia. The innermost 
surface of the tunica intima is lined by a single-cell-thick layer 
of endothelial cells (ECs). The intima is bound by the internal 
elastic lamina. The tunica media is composed of smooth  muscle 
cells (SMCs),  collagen, fibroblasts, elastin fibers, and ground sub-
stance, which together control the degree of vessel constriction 
and vasodilation. The presence of elastin fibers in the media 
defines the aorta as an elastic artery and provides the tensile 
strength that permits the aorta to withstand pulsatile delivery of 
blood from the heart. Elastin content gradually decreases with 
distance from the heart.2 The  outermost layer, the adventitia, is 
a thin layer that contains  connective tissue, fibroblasts, and the 
nutritive vasa vasorum.

Definition of Aortic Aneurysm
In adults, the normal diameter of the aorta is approximately 3 cm 
at the origin, 2.5 cm in the descending thoracic aorta, and 1.8 to 
2 cm in the abdominal aorta. Aortic aneurysm is defined as a max-
imal aortic dimension greater than 3.0 cm, or a 50% increase in 
size compared with the normal segment proximal to the aneu-
rysm. Mild expansion that does not meet these criteria may be 
referred to as aortic ectasia. True aneurysms are classified into two 
major groups on the basis of morphology: (1) fusiform (Figs. 37-2 
and  37-3), defined as a circumferential expansion of the aorta, and 
(2)  saccular, representing a focal outpouching of a segment of the 
aorta (Fig. 37-4). Fusiform aneurysms are the most common mani-
festation. In contrast to true aneurysms, which involve expansion 
of all three layers of the aortic wall, a pseudoaneurysm, also known 

as a false aneurysm, results from a disruption of the aortic wall and 
essentially represents a contained rupture of the aorta.

Pathophysiology of Aortic Aneurysms
A wide variety of pathological states are associated with aortic 
aneurysms (Box 37-1). These include degenerative diseases, inher-
ited disorders, infections, inflammatory conditions (i.e., vasculitis), 
and trauma. Specific disorders associated with aortic aneurysms 
are discussed later in this chapter. Important determinants of aortic 
aneurysm formation include inflammation, proteolysis of the struc-
tural components of the aortic wall, and abnormal biomechanical 
forces3 (see Fig. 37-2). Understanding the underlying pathophysiol-
ogy of aneurysm formation is critical not only for prevention of 
initial aneurysm formation but also for limiting aneurysm growth 
and expansion.

Traditionally, pathological aortic aneurysm formation was 
ascribed to a process akin to atherogenesis. Although advances in 
basic and clinical investigation in both lesion types have revealed 
some common themes, newer studies suggest that aneurysm for-
mation is fundamentally different from atherosclerosis. Preferential 
weakening of the adventitia and media—rather than an intimal 
proliferative process, as in atherosclerosis—results in diminished 
aortic resilience and tensile strength, culminating in aortic wall 
thinning, dilation, and increased wall stress, all of which may result 
in rupture. Although atherosclerotic changes may be seen in the 
wall of aneurysms, these changes may be a consequence of local 
turbulent flow as opposed to a cause of aneurysm formation.4,5 
Moreover, the degree of systemic atherosclerosis does not correlate 
well with the degree of aneurysm formation.6

Development of aneurysms is associated with loss of two critical 
structural elements in the aortic wall: elastin and collagen. Elastin 
provides radial and longitudinal support, enabling the aorta to 
respond to pulsatile flow while maintaining normal  arterial dimen-
sions. The importance of elastin in maintaining aortic structure is 
highlighted by animal models where elastase infusion results in 
elastin breakdown and experimental aortic aneurysm formation.7 
However, breakdown of elastin alone appears insufficient to cause 
aneurysmal expansion and rupture. Loss of collagen, another 
important structural element, is an additional contributor, and the 
relative balance of elastin and collagen deposition, among other 
factors, may be critical for determining aneurysm formation.8 
Early in aneurysm formation, the aorta compensates for loss of 
elastin by increasing production of collagen,8 but as elastin con-
tent decreases, collagen (as the major source of tensile strength) 
is overwhelmed, and aortic expansion occurs. This is exacerbated 
by up-regulation of collagenases, resulting in further collagen 
 degradation as described later.9 Structural changes in each layer 
of the aortic wall develop that together promote aortic stiffness.  
As a consequence, decrease in the vessel's ability to distend nor-
mally with left ventricular (LV) contraction, weakening of the 

AORTIC ANEURYSM



458

CH 
37

 vessel wall, and increase in the tendency for dilation and ecta-
sia follow.10 Some of the changes in aortic structure that promote 
aneurysm formation may arise as a result of the normal aging pro-
cess. With normal aging, aortic stiffness due to fragmentation of 
elastin fibers, deposition of glycosaminoglycans, fibronectin (FN), 
and collagen, and reduced bioavailability of endothelium-derived 
nitric oxide (NO) occurs.11–14

FIGURE 37-1 Magnetic resonance angiography (MRA) of the thoracic 
aorta. Note the different aortic segments: ascending aorta, aortic arch, and 
descending aorta. Left subclavian artery separates the aortic arch from the 
descending aorta.

FIGURE 37-2 Three pathophysiological mechanisms that best 
characterize the process of aneurysm formation. Aortic aneurysm 
specimens reveal increases in leukocyte infiltration, cytokine concentration, 
and leukocyte adhesion molecules. Both elastin-related and collagen-
related autoantigens have been identified and may participate in initiation 
of process. Once process has begun, proteolytic enzymes, particularly matrix 
metalloproteinase (MMP)-2 and -9, increase in concentration and break 
down elastin and collagen. Increases in enzyme coactivators (e.g., urokinase 
plasminogen activator [uPA], tissue plasminogen activator [tPA]) further 
augment matrix breakdown. Increase in proteolysis is not accompanied 
by change in inhibitors of process, yielding a degenerative environment. 
Abdominal aorta is predisposed to aneurysm formation because of adverse 
blood flow patterns and its relative lack of elastin and vascular smooth muscle 
compared with thoracic aorta. (Volume-rendered computed tomography image of 
abdominal aortic aneurysm used with permission of Joseph Schoepf, MD.)

FIGURE 37-3 Computed tomographic angiogram (CTA) of ascending 
aortic aneurysm. Notice that proximal descending portion of aorta is ectatic 
as well. Aneurysm involves entire circumference of aorta and is thus fusiform. 
Normal ascending aorta size is less than 3 cm.

FIGURE 37-4 Maximal intensity projection (MIP) of magnetic 
resonance (MR) image of saccular aneurysm. Note outpouching of an 
otherwise normal descending aorta (arrow). This pattern of aneurysm is more 
common in infectious aneurysms.
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Pathophysiologically, the major determinants of aortic aneu-
rysm formation include proteolysis of the structural components 
of the aortic wall, inflammation, and abnormal biomechanical 
forces3 (see Fig. 37-2). Pathology of aortic aneurysms varies in 
different segments of the aorta and in different predisposing dis-
eases. Frequently observed histological features include cystic 
medial necrosis, mucoid infiltration, and cyst formation in the 
setting of elastin necrosis and vascular smooth muscle apopto-
sis. In patients with Marfan's syndrome (MFS), bicuspid aortic 
valve (BAV), or Turner's syndrome, cystic medial necrosis is a 
common feature, but in contrast, inflammation is less prominent 
than in abdominal aortic aneurysms (AAAs).15,16 On the other 
hand, cystic medial necrosis is less likely to be observed in AAAs. 
Instead, AAAs typically have disrupted elastin fibers, inflamma-
tion, greater vascular smooth muscle cell (VSMC) apoptosis, and 
deficient glycosaminoglycan production.17 Elastin fragmentation 
occurs adjacent to the inflammatory cells. Despite differences in 
pathophysiology due to location and underlying  etiology, forma-
tion of all aortic aneurysms involves to some degree the pro-
cesses described in the following discussions (i.e.,  proteolytic 
degradation, inflammation, changes in biomechanical forces) 
that together facilitate aneurysm formation.

Proteolytic Degradation
Several proteolytic enzymes contribute to degradation of structural 
components of the arterial wall, ultimately increasing risk of aneu-
rysm formation. Matrix metalloproteinases (MMPs) are endopepti-
dases that degrade one or more components of the extracellular 
matrix (ECM). Thus far, several classes of MMPs, comprising nearly 
30 individual proteinases, have been characterized. They include 
collagenases, gelatinases, stromelysins, matrilysins, membrane-type 
(MT)-MMPs, and other MMPs.18 Typically produced as proenzymes, 
MMPs may be activated both intracellularly and extracellularly, and 
may be secreted by endothelial cells, vascular smooth muscle cells, 
or adventitial fibroblasts. Extracellular regulation of  activation may 
occur as a result of an MMP–MT-MMP interaction or via  interaction 

with plasmin or reactive oxygen species (ROS).19–21 The inhibitors  
of MMPs are the tissue inhibitors of matrix metalloproteinases 
(TIMPs) and plasminogen activator inhibitors (PAI) 1 and 2.18

Increased local production of MMPs in aortic aneurysms was 
first reported nearly 20 years ago.22–24 Although elevations of 
 several MMPs have been noted, MMP-1 (collagenase) and MMP-3 
 (stromelysin), MMP-2 (gelatinase A), and MMP-9 (gelatinase B) 
represent the principal proteinases in aortic aneurysms that result 
in elastin and collagen degradation.25,26 MMP-2 and MMP-9 gelati-
nases specifically break down collagen. They are synthesized by 
local cells in the aortic wall, including infiltrating macrophages 
and resident aortic VSMCs.27,28 MMP-9 is typically found in the 
adventitia near the vasa vasorum, localizing to infiltrating macro-
phages.29 MMP-2 is synthesized constitutively by VSMCs30 but can 
also be synthesized by infiltrating leukocytes.31 Interestingly, MMP-2 
production is increased in the vasculature remote from the aorta, 
suggesting a systemic underlying disease process that manifests 
with aortic aneurysmal disease.32

The centrality of these enzymes in aneurysm formation is sup-
ported by several lines of evidence. Studies have demonstrated 
that MMP-2 and MMP-9 levels are higher in tissue obtained from 
aortic aneurysms than in atherosclerotic plaque or normal arte-
rial tissue.30,31 Furthermore, MMP-9 and MMP-2 knockout mice do 
not form aortic aneurysms in experimental models.33 Reinfusion of 
competent macrophages from wild-type mice into MMP-9 knock-
out mice enables aneurysm formation.33 In addition, elevated lev-
els of MMP-1, MMP-8 (a neutrophil collagenase), and MMP-9 have 
been associated with aneurysm rupture, and levels of these MMPs 
may vary with aneurysm size.34–36 Relationship to aneurysm size is 
less clear for MMP-2.37–40

Elevated levels of other proteolytic enzymes such as human 
macrophage metalloelastase (MMP-12) and membrane type-1 
metalloproteinase (MT1-MMP) have also been demonstrated in 
aortic aneurysms.41 Expression of MMP-12 is increased in aortic 
aneurysms as a result of macrophage infiltration. However, the 
relevance of MMP-12 to aneurysm formation is less clear, based 
on the finding that MMP-12 knockout mice are not completely 
 protected from aneurysm formation.42 MT1-MMP, a collagenase 
produced by macrophages and increased in aortic aneurysms, 
likely has its greatest effect as an activator of the proenzyme form 
of MMP-2.43,44

In addition to increased expression of MMPs, aneurysm forma-
tion is associated with abnormal regulation of MMP levels in tissues. 
Matrix metalloproteinase levels are increased in states of inflam-
mation and oxidant stress, both known to play a role in aneurysm 
formation. Compared with nonaneurysmal sections of aorta, super-
oxide anion and markers of oxidative stress are increased in aneu-
rysmal segments, and ROS can convert proenzymes of MMPs to 
their active form.45–47 In addition, MMP levels can be augmented by 
plasminogen activators, such as urokinase-type plasminogen acti-
vator (uPA) and tissue-type plasminogen activator (tPA), which are 
specific physiological regulators of MMP-2 and MMP-9 activation 
and overexpressed in aortic aneurysms but not in healthy aortic 
specimens.48

Matrix metalloproteinase levels are also normally regulated 
by TIMPs. Although early work reported decreased concentra-
tions of TIMPs in aneurysmal tissue,49 more recent data have been 
less clear, showing no difference in certain TIMP levels between 
aneurysmal and healthy aortic tissue.36,43,50,51 However, the relative 
imbalance in MMPs to TIMPs may be the more relevant factor.41 
Nonetheless, experimental data have clearly demonstrated the sig-
nificance of TIMPs to aneurysm formation. Local overexpression 
of TIMP-1 prevented aneurysm formation in a rat model of aortic 
aneurysm,52 but TIMP knockout mice have increased MMP activ-
ity and greater aneurysm formation.53 Similarly, lower expression 
of PAI-1, a regulator of plasminogen activator activity, has been 
reported in aneurysmal disease.49,54 Increased expression of plas-
minogen activators without reciprocal changes in their inhibitors 
alters the  balance toward fibrinolysis, MMP activation, and tis-
sue degradation. Experimental overexpression of PAI-1 prevents 

Box 37-1  Disorders Associated with  
Aortic Aneurysms

Degenerative
Cystic medial necrosis
Aortic dissection

Developmental
marfan's syndrome (mfs)
loeys-dietz's syndrome
Ehlers-danlos' syndrome (Eds)
Bicuspid aortic valve (BAV)
Turner's syndrome
Aortic coarctation

Infectious
Tuberculosis
syphilis
Staphylococcus
Salmonella

Vasculitis
Takayasu's arteritis (TA)
giant cell arteritis (gCA)
Behçet's disease
Rheumatoid arthritis
systemic lupus erythematosus (slE)
sarcoidosis
Ankylosing spondylitis
Reiter's syndrome
Relapsing polychondritis
Cogan's syndrome

Trauma
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 aneurysm formation in a rat model of  aortic aneurysm,55 confirm-
ing the importance of relative rather than absolute concentrations.

The contribution of MMPs to the pathophysiology of aortic 
aneurysms is highlighted by the beneficial effect of medications 
known to reduce MMP levels on aneurysm expansion. For exam-
ple, tetracyclines (e.g., doxycycline) have long been  recognized 
as generalized inhibitors of metalloproteinases.56 Their poten-
tial value in aortic aneurysmal disease has been demonstrated 
in both organ culture and rodent models of aneurysm forma-
tion.36,57–59 In humans, doxycycline limits the activity of both 
MMP-2 and MMP-9 in aortic wall specimens, both by reducing 
macrophage MMP-9 messenger ribonucleic acid (mRNA) expres-
sion and diminishing activation of the proenzyme form of MMP-
2.60–62 In a few small  randomized phase 2  trials,  doxycycline has 
been shown to decrease aneurysm expansion rate.63,64 Although 
these data await confirmation in larger trials, they do support the 
conceptual framework of the importance of proteolytic enzymes 
in aortic aneurysm  formation and expansion.

By reducing levels of proteolytic enzymes, several other therapies 
may potentially be of therapeutic benefit in aneurysmal disease. 
HMG-CoA reductase inhibitors, or statins, have antianeurysm 
properties in experimental models by virtue of reducing oxidant 
stress and macrophage production of MMPs.65–67 However, data 
in humans have been inconsistent. A meta-analysis of five  studies 
including 697 patients with small aortic aneurysms (<55 mm) 
treated with or without statins suggested that statin therapy was 
associated with lower rates of expansion.68 On the other hand, other 
human studies have not shown a benefit of preoperative statin treat-
ment on MMP or TIMP levels in aneurysm specimens, and no differ-
ence in aneurysm expansion rate.69–71 Indomethacin also appears 
to prevent aortic aneurysm formation in a rat model,72 and the 
mechanism may be related to inhibition of cyclooxygenase (COX) 2, 
prosta glandin E2 (PGE2), and reductions in MMP-9.73–75 Indeed, 
PGE2 expression is up-regulated more than 30-fold in  aortic 
 aneurysms.76 Prostaglandin E2  localizes to infiltrating macrophages, 
and its expression is dependent on COX activity.77 Prostaglandin E2, 
through activation of interleukin (IL)-6, may increase VSMC apop-
tosis, further weakening the structural elements of the aorta.75,76,78

Inflammation
The contribution of inflammation to many pathological arte-
rial processes has been well established.79 In 1981, Rose and 
Dent80 reported mild chronic inflammation in 72.5% and mod-
erate inflammation in 15.7% in 51 consecutively resected AAAs. 
Subsequently it was discovered that lymphocytes and macro-
phages are found in greater quantity in the adventitia and media 
of AAAs than of  atherosclerotic or normal aortas.81 In addition, 
surgical explant specimens from patients with aortic aneurysms 
demonstrated higher levels of adhesion molecules, including intra-
cellular adhesion molecule (ICAM)-1 and vascular cell adhesion 
molecule (VCAM)-1, than seen in atherosclerotic and normal 
aortas. Similarly, tissue levels of proinflammatory cytokines, such 
as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-8, mono-
cyte chemoattractant protein (MCP)-1, interferon (IFN)-γ, and IL-6, 
have all been noted to be elevated in patients with aneurysms 
compared with control subjects.82 Some studies have even sug-
gested cytokine levels are higher in ruptured aortic aneurysms 
than in asymptomatic aortic aneurysms,83 although the data have 
been inconsistent.84 Finally, other acute-phase proteins, including 
C-reactive protein (CRP), D-dimer, and ceruloplasmin, are also  
present at increased levels in plasma and in the vessel wall.82,85–87

These inflammatory mediators largely derive from infiltrating 
macrophages, but lymphocytes and aortic ECs and SMCs also con-
tribute to the inflammatory milieu. The presence of inflammation in 
aortic aneurysms is supported by positron emission tomographic 
imaging with18 fluorodeoxyglucose (FDG-PET) showing greater 
FDG uptake in aneurysmal compared to nonaneurysmal aortic 
segments from matched control subjects, and by advanced mag-
netic resonance imaging (MRI) techniques.88,89 Thus, immune cells 

invade the aortic wall, become activated, and create an inflamma-
tory environment that engages the activity of local stabilizing cells, 
initiating the process of elastin and collagen breakdown and aneu-
rysm formation. However, the initial signals that drive inflammatory 
cell recruitment remain unclear. Animal studies with experimen-
tal aneurysm models have confirmed the human studies and 
demonstrated that increased inflammation promotes aneurysm 
formation.90

Given the contribution of inflammation to aortic aneurysms, it 
follows that strategies to reduce inflammation might reduce aneu-
rysm formation or limit aneurysm growth. Indeed, as mentioned 
previously, some data suggest that statins, known to have benefi-
cial antiinflammatory properties beyond their effect on choles-
terol lowering, may limit aneurysm growth and expansion.67,91,92 
Recent studies have also shown that limiting inflammation can 
reduce aneurysm formation in animal models.93–97 Future studies 
will be required to clarify whether strategies to target inflammation 
can prevent formation of aortic aneurysms or limit expansion in 
humans.

Increases in Biomechanical Wall Stress
The frequency of aneurysm formation in the abdominal aorta 
compared to other vascular locations suggests a predisposition  
in this area. Variations in biomechanical factors have been noted 
in the differing regions of the aorta. Relative deficiencies in struc-
tural elements combined with adverse blood flow patterns predis-
pose the abdominal aorta to aneurysm formation. Compensatory 
mechanisms occur after aneurysm formation have developed, but 
they do not stop the process. Thus, aneurysm expansion is pro-
moted by an imbalance of biomechanical forces and compensa-
tory mechanisms.

Several specific structural changes may predispose the abdom-
inal aorta to aneurysm formation. For example, elastin within 
the aortic wall is organized into circumferential plates, or lamel-
lae, that respond to the pulsatile load created by the heart. Each 
lamellar unit consists predominantly of two elastin bundles and 
vascular smooth muscle. However, deposition of elastin is not uni-
form along the aorta, with the thoracic aorta incorporating 35 to 
56 lamellar units compared to only 28 in the abdominal aorta.98 
The abdominal aorta may therefore be more susceptible to elas-
tin breakdown due to a relative increase in pressure withstood 
per lamellar unit, compared with the rest of the vessel. In addi-
tion, the abdominal aorta has a decreased concentration of nutri-
tive vasa vasorum compared to more proximal aortic segments.99 
Reductions in aortic tissue perfusion stiffen the vessel, reducing 
compliance and ability to withstand pulsatile stress.100

Vascular cells in the aorta attempt to restore elastin content 
in the setting of elastin degradation to compensate for reductions 
in tensile and radial strength. Human AAA samples show a four- 
to sixfold increase in tropoelastin protein compared with con-
trol arteries.101,126 Elastin is produced by SMCs and macrophages. 
In areas of macrophage infiltration, elastin deposition is not orga-
nized into mature effective bundles. Indeed, compared with nor-
mal specimens, aneurysm specimens have a ninefold reduction in 
desmosine, a marker for mature elastin  cross-linking.101 Thus, com-
pensatory elastin replacement is disordered and does not improve 
aortic compliance.

Another factor that may make the abdominal segment of the 
aorta more prone to aneurysm formation is blood flow patterns 
specific to that segment. In experimental models, the infrarenal 
segment of the aorta is subject to much higher levels of oscillat-
ing flow and reflected pressure waves compared with the supra-
renal segment,102 resulting in higher levels of aortic wall tension. 
Turbulence and pressure are exacerbated by the aneurysm's 
morphology, which promotes development of local vortices and 
turbulent flow patterns.103 Excluding these flow patterns from the 
aneurysm by placing an aortic endograft rapidly reduces plasma 
MMP-9 levels in patients.104,105 In a rodent elastase infusion model 
of aortic aneurysm, flow conditions were examined by creating 
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a left femoral arteriovenous fistula (AVF) or left iliac artery liga-
tion. Increases in shear stress due to fistula formation resulted in 
a more stable aortic phenotype with decreased oxidative stress, 
decreased macrophage density in the media, increased aortic 
ECs and vascular smooth muscle cells, and reduced apoptosis 
compared to the lower shear stress introduced by femoral artery 
ligation.4,106,107 Improved flow decreased aortic  expansion by 
26%.106

In addition to adverse biomechanical forces creating an envi-
ronment permissive for aneurysm formation, the role of intralumi-
nal thrombus on wall stress and aneurysm expansion has recently 
been a focus of much study. Using finite element analysis in a three-
dimensional (3D) model of the aorta derived from computed 
tomography (CT) scans, intraluminal thrombus was found to lower 
peak wall stress by up to 38%108 relatively independent of throm-
bus constituents.109 Thrombus decreases transmission of luminal 
pressure to the aneurysm wall and may prevent aneurysm rup-
ture by reducing wall strain.110–115 On the other hand, intraluminal 
thrombus may also contribute to further aneurysm formation,111 
given that thrombus has been demonstrated to have higher levels 
of proteolytic enzymes and enzyme activators than the aneurysm 
itself.116 Intraluminal thrombus may act as a proteolytic enzyme res-
ervoir through polymorphonuclear leukocytes, and enzyme accu-
mulation provides a ready source of destructive elements for the 
adjacent aneurysm.116

Understanding biomechanical factors may help improve assess-
ment of risk of aneurysm growth and rupture above and beyond the 
predictive value of lumen diameter alone.117 Several studies have 
used novel computational models to incorporate biomechanical 
factors such as wall stress, wall strength, and extent of intraluminal 
thrombus for assessment of abdominal aneurysms.112,118–123 Some 
studies have suggested that assessment of wall stress, wall strength, 
and the ratio of wall stress to wall strength may be better predictors 
of rupture risk than diameter.124,125

Epidemiology and Prognosis of Aortic 
Aneurysms
Abdominal Aortic Aneurysms
Aortic aneurysms are typically defined as an increase in diameter 
of 50% compared to the adjacent normal segment of the aorta; the 
upper limit of normal for the abdominal aorta is 3 cm. The absolute 
size definition for AAA is preferable, given that body size and base-
line diameter may vary on the basis of height, sex, weight, and pres-
ence of a thoracoabdominal aortic aneurysm (TAAA). However, all 
these factors should be taken into consideration when considering 
risk in any given individual.

PREVALENCE

The prevalence of aneurysms of the abdominal aorta has been 
determined on the basis of several large screening studies and 
autopsy series (Table 37-1). In an early series of 24,000 consecu-
tive autopsies performed over 23 years, 1.97% of the subjects were 
found to have an AAA.126 Of the 473 aneurysms found, 58% were 

larger than 4 cm in diameter, nearly three quarters of the patients 
were men, and one fourth of the aneurysms had ruptured. More 
recent large screening programs in targeted populations have fur-
ther evaluated the prevalence of AAA. The largest screening pro-
gram performed was the Aneurysm Detection and Management 
(ADAM) Study Screening Program, which studied 126,196 veter-
ans 50 to 79 years of age.127 In this cohort of predominantly male 
American veterans, 3.6% of subjects had an infrarenal aortic dia-
meter greater than 3 cm, and an AAA 4 cm or larger was found 
in 1.2%. The Multicentre Aneurysm Screening Study (MASS) also 
screened 27,147 of 33,830 invited men aged 65 to 74 and reported 
a 4.9% prevalence of AAA 3 cm or larger.128

Several studies have demonstrated lower prevalence of AAA 
in women. The largest and most recent of these studies screened 
nearly 10,012 women (mean age, 69.6 years) and found an AAA 
prevalence rate of 0.7%, with only 4 of 74 detected aneurysms mea-
suring larger than 5 cm.129 These low prevalence rates were con-
sistent with findings from earlier studies. Among 4237 subjects 
aged 65 to 80 who participated in a screening study among gen-
eral practitioners in West Sussex, United Kingdom, 2290 women 
agreed to undergo abdominal ultrasonography.130 Only 1.4% of 
the women had an AAA 3 cm or larger, and only 0.3% had an AAA 
4 cm or larger. This dramatically lower prevalence in women has 
been confirmed in subsequent studies. In the Norwegian Tromso 
study, 2% of 2943 women aged 55 to 84 had an AAA 3 cm or larger, 
and 0.5% had an abdominal aneurysm 4 cm or larger.131 Finally, 
among female American veterans, the prevalence of an AAA 3 cm 
or larger was just 1%.132 However, an increasing number of cardio-
vascular risk factors does increase the risk of AAA in women, with 
a  prevalence rate as high as 6.4% in this higher-risk group.129

RISK FACTORS

Three risk factors predict the vast majority of AAAs: age, gender, and 
cigarette smoking. Aneurysms usually affect the elderly, seldom 
occurring in those younger than 60 years of age, and there is a clear 
increase in incidence with increasing age, even when limiting the 
studies to older individuals.133–135 In a Norwegian population-based 
study of 6386 men and women aged 25 to 84, the incidence of AAA 
in men increased from 0% in those aged 25 to 44, to 6% in those 
aged 55 to 64, and to 18.5% in those aged 75 to 84.131 Large North 
American epidemiological studies have  demonstrated an increase 
in AAA risk ranging from 58% to 300% with each additional decade 
of life.136 Gender is also an important predictor of AAA formation; 
in all age groups, risk of AAA is two- to sixfold higher in men than 
women.131,132,137–140 Cigarette smoking is the most potent modifi-
able risk factor and increases the risk of AAA by 60% to 850%.141–147  
In the ADAM study and the Edinburgh Artery Study, risk of an 
aneurysm increased threefold with any smoking history.127,148 Risk 
of AAA development further increases with number of cigarettes 
smoked, duration of smoking, and lack of filtration, indicating a 
dose-response relationship.149 In the Whitehall study of 18,403 male 
civil servants examined at age 40 to 64 years, aneurysm frequency 
increased from sixfold with manufactured cigarettes with filters 
to 25-fold with hand-rolled cigarettes.150 Smoking cessation can 

AUTHOR NO. GENDER AGE (YRS) ANEURYSM FREQUENCY (%) NATION

Pleumeekers137 5419 42% M >55 4.1 M, 0.7 F Netherlands

Lederle127 126,196 97% M 50-79 1.3 United States

Ashton128 27,147 M 65-74 4.9 United Kingdom

Singh131 2998 F 25-84 2.2 Norway

Lederle132 3450 F 50-79 1.0 United States

Scott139 9342 F 65-80 1.3 United Kingdom

TABLE 37-1 Prevalence of Aortic Aneurysm in Large Epidemiological Studies

F, female; M, male.
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reduce the risk of aneurysm formation, with former smokers hav-
ing a lower AAA risk than current smokers.136,149,151

Risk factors for cardiovascular disease in general (e.g., hyper-
tension, hyperlipidemia) also increase the risk of AAA for-
mation but are less potent risk factors than age, gender, and 
 smoking.127,136,152–154 In the REACH registry, there was a clear 
 modest association of both hypertension and hyperlipidemia 
with AAA.155 Earlier studies had suggested a less consistent rela-
tionship with hypertension,138,156 but aneurysm formation seems 
to correlate best with diastolic blood pressure157 or use of an anti-
hypertensive medication.140 Some data suggest that hypertension 
may be a greater risk factor for aneurysm rupture than for initial 
aneurysm formation.158 The association between cholesterol and 
AAA is clear, although hyperlipidemia is a less potent risk  factor 
than those mentioned previously.135,137,159 Risk of AAA formation 
increased 30% per 40 mg/dL total cholesterol in the Chicago 
Heart Association Detection Project in Industry cohort.138 For spe-
cific components of the lipid profile, higher levels of low-density 
lipoprotein (LDL) and lower levels of high-density lipoprotein 
(HDL) cholesterol are both associated with aneurysm forma-
tion.133,159 Similarly, the presence of atherosclerosis increases risk 
of  aneurysm  formation,133,134,137 although as mentioned previously, 
aneurysm formation is likely a process distinct from atheroscle-
rosis. In the ADAM study of more than 100,000 subjects, hyper-
tension, elevated cholesterol, and presence of other vascular 
disease increased risk of aneurysm formation by 15%, 44%, and 
66%, respectively.127 In  contrast, diabetes and black race appear 
protective against formation of an aneurysm.127,132,136,160 Diabetes 
decreases risk of aneurysm formation by 30% to 50%.136,157

A dramatic increase in frequency of AAA formation in relatives 
of patients with aortic aneurysm suggests a genetic component 
to the disease. Although cigarette smoking numerically accounts 
for the vast majority of AAAs in the population,136 the most potent 
risk factor for aneurysm formation is a history of aneurysm in 
a first-degree relative. Norgaard et al.161 identified an 18% inci-
dence of aneurysms in first-degree relatives of patients with AAA. 
In the ADAM study, a family history doubled the risk of AAA, but 
was reported in only 5.1% of more than 100,000 participants.162 
Investigations specific to the impact of family history demon-
strate a larger risk. Several studies have demonstrated that a fam-
ily history of AAA increases the risk of AAA four- to fivefold.157,163 
Family history of AAA was also related to earlier AAA formation 
and rupture by nearly a decade.164 Rate of rupture was nearly four-
fold higher in patients with a family history than in sporadic AAA 
patients. Frydman et al.165 screened the siblings of 400 AAA patients 
and found an AAA in 43% of male siblings and 16% of female sib-
lings. More specifically, the risk of AAA formation consistently rises 
above 20% for men older than 50 who have a first-degree relative 
with AAA.161,166–169 Using segregation analysis, Majumder et al.170 
reported that the relative risk of developing an AAA is 3.97 and 
4.03 with paternal and maternal history, respectively. Risk increases 
to nearly 10-fold with an affected male sibling and 23-fold when a 
female sibling is affected.170 Twin studies further support a genetic 
component to AAA formation, with one study reporting an odds 
ratio (OR) of 71 (95% confidence interval [CI], 27-183) for mono-
zygotic twins and 7.6 (95% CI, 3.0-19) for dizygotic twins.171

Despite the wealth of data supporting a genetic component to 
AAA formation, no clear mode of inheritance and no single can-
didate gene has been identified. Early studies suggested evidence 
of both sex-linked and autosomal dominant patterns of inheri-
tance. Associations have been made with blood types, haptoglo-
bin variations, α

1-antitrypsin, and human leukocyte antigen class 
II (HLA-II) immune response genes.172–174 More than 100 reports on 
genetic associations with AAA have appeared in the literature,175 
including genes related to cardiovascular disease, inflammation, 
and related signaling pathways. One study suggested an associ-
ation between reduced AAA growth and five single-nucleotide 
polymorphisms (SNPs) in latent TGF-β binding protein (LTBP4), 
as well as an allelic variant of TGFB3.176 However, another study 
showed no association between genetic  polymorphisms in the 

main receptors for TGF-β and AAA formation.177 Two genome-
wide association studies (GWAS) have suggested an association 
between AAA and a SNP located on chromosome 3p12.3 in a 
region near the gene CNTN3 for contactin-3, a lipid-anchored 
cell adhesion molecule.178 Another GWAS in a population from 
Iceland and the Netherlands found a SNP on 9q33 associated 
with AAA with an OR of 1.21. The same SNP has been associated 
with coronary artery  disease (CAD), peripheral artery disease 
(PAD), and pulmonary embolism (PE).179 The SNP resides in the 
gene coding for DAB2IP, a gene encoding a cell growth and sur-
vival inhibitor. In addition, the same gene variant associated with 
myocardial infarction (MI) at locus 9p21 has been associated 
with AAA.180,181 Finally, of interest but of unclear significance is the 
association between telomere length and AAA in a small cohort 
in the United Kingdom.182 This may represent the association of 
aging, telomere length, and aneurysm formation, but the direct 
pathophysiological link remains unclear.

PROGNOSIS

The natural history of AAA is one of silent coexistence and sudden 
lethal rupture. In a large autopsy study performed over a quarter 
of a century, one fourth of abdominal aneurysms were ruptured 
on postmortem examination.126 The frequency of rupture was 
dependent largely on size in this study population, ranging from 
9.5% in aneurysms smaller than 4 cm to 45.6% in aneurysms 7.1 to 
10 cm in diameter. In a comparison of patients with aortic aneu-
rysms divided into two groups at a cutoff point of 6 cm, survival 
was  markedly decreased in the patients with larger aneurysms.183 
In a single-center study that included 60 AAA ruptures over a 
30-year period, only 2 occurred in patients with an aneurysm 
diameter smaller than 5 cm.184 Similarly, in a study in Rochester, 
Minnesota, no  ruptures occurred in aneurysms smaller than 5 cm, 
whereas rupture occurred in 25% of AAAs larger than 5 cm.185 
In 198 patients with aneurysms 5.5 cm in diameter or larger, but 
who were deemed too risky for surgery, 23% had presumed rup-
ture over a mean  follow-up of 1.6 years.186 Mortality rates as high as 
64% are observed in patients who present with a ruptured aortic 
aneurysm.187

On the basis of these data, two large trials have been  conducted 
to determine whether early recognition and treatment can 
alter the natural history of AAA. The U.K. Small Aneurysm Trial 
 randomized 1090 patients aged 60 to 76 years with  asymptomatic 
AAAs 4 to 5.5 cm in diameter to undergo early elective open 
 surgery or ultrasonographic surveillance.188 In the surveillance 
group, surgery was performed when the aneurysm reached 
5.5 cm. Early surgery did not affect overall mortality. At 3 years, 
nearly 20% of both groups had died, although abdominal 
 aneurysms accounted for only a quarter of the deaths in both 
groups. Cardiovascular mortality unrelated to the aneurysm 
accounted for 40% of total mortality, and cancer caused slightly 
more than 20% of the deaths. In a similar study performed by 
the U.S. Veterans Administration, 1136 subjects aged 50 to 79 years 
with asymptomatic AAA 4 to 5.5 cm in diameter were randomized 
to undergo either early elective open surgery or ultrasonographic 
surveillance153 (Fig. 37-5). After 5 years, there was no significant 
difference in survival between the groups, each with a near 25% 
mortality rate. In this study,  aneurysm-related deaths accounted 
for only 3% of total  mortality. More recently, the PIVOTAL study 
demonstrated no  difference between surveillance and early 
endovascular repair in patients with small aneurysms  (measuring 
4-5 cm), and no difference in aneurysm-related death in the two 
groups after 3 years of  follow-up.189 Together, these data suggest 
that early repair of small aneurysms does not alter outcomes.

Several factors can predict the likelihood of expansion and rup-
ture of AAAs and can help identify which patients require inter-
vention. The factor most predictive of rupture is initial size of the 
aneurysm. In one study of patients too ill for surgery, aneurysm 
rupture rates ranged from 9.4% for AAA of 5.5 to 5.9 cm to 32.5% 
for AAA of 7 cm or more.186 In the U. K. Small Aneurysm Study, rate 
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of rupture was 0.9% in aneurysms 3 to 3.9 cm, 2.7% in aneurysms 
4 to 5.5 cm, and 27.8% in aneurysms 5.6 cm and larger.158 Larger 
aneurysm size also predicted a more rapid increase in diameter.190 
Similar to factors that predispose to initial development of AAA, 
cigarette smoking and higher blood pressure increase the risks 
of rapid expansion and rupture. In contrast to the decreased risk 
of AAA development in women, being female actually increases 
risk of rupture and death after rupture in those with established 
AAA.158,191,192 In the U.K. Small Aneurysm Study, women had a 
threefold higher risk of AAA rupture than men.158 As mentioned 
previously, some have advocated use of biomechanical factors 
(wall stress, wall strength) to help with risk prediction. Prospective 
studies will be required to determine whether these factors can 
improve assessment of patients at high risk for aneurysm rupture 
and can improve selection of patients for aneurysm repair.

Thoracic and Thoracoabdominal  
Aortic Aneurysms
PREVALENCE

The most common location of involvement of thoracic aor-
tic aneurysms (TAAs) is the ascending aorta and/or aor-
tic root (noted in 60%), with the descending aorta affected 
in approximately 40% of cases and the aortic arch in 10%.193 
Thoracoabdominal aortic aneurysms are defined by contiguous 
involvement of the descending thoracic aorta and abdominal 
aorta and account for 5% to 10% of all aortic aneurysms.193,194 
The prevalence of isolated TAA is poorly defined but estimated 
at 6 persons per 100,000 per year.195 In autopsy records reported 
from 63% of 70,368 deaths between 1958 and 1985 in the city of 
Malmo, Sweden, TAAs were diagnosed in 205 of the deceased, 
53% of whom were men.196 Of the 44,332 autopsies performed, 
63 individuals (0.14%) had died of a ruptured TAA. The  relative 
infrequency of TAA is confirmed by a retrospective analy-
sis in Rochester, Minnesota.197 Over 30 years, of  approximately 
45,000 residents, 72 (0.16%) were diagnosed with a TAA; 61% 
were women, and 67 patients had thoracic aortic involvement 
only. Most studies, however, suggest that men are twice as likely 
to develop a TAA as women.197,198 Thoracoabdominal aortic 
 aneurysms occur even more infrequently. Of the 44,332 people 
to undergo necropsy in Malmo, Sweden, a mere 10 had TAAA.196 

In the Rochester, Minnesota, experience the incidence was 0.37 
per 100,000  person-years of follow-up.197 Because of the relatively 
small sample sizes reported in the literature, risk factors for TAAA 
development are less well defined. Risk factors currently associ-
ated with development of TAAA include smoking, hypertension, 
and atherosclerotic vascular disease.193

ETIOLOGY AND PATHOPHYSIOLOGY

Aneurysms involving the thoracic aorta commonly develop as a 
result of cystic medial necrosis, a degenerative process that histo-
logically involves degeneration of elastic fibers and SMCs. Cystic 
medial degeneration can arise as an isolated abnormality or as a 
result of an underlying connective tissue disease, such as MFS or 
Ehlers-Danlos' syndrome (EDS). Degeneration of the media within 
the arterial wall results in impaired structural integrity of the aorta, 
leading to eventual aortic dilation, aneurysm formation, and risk 
of rupture.

As with AAA, age is a significant risk factor for development 
of TAA; median age for presentation varies from 64 to 69 years.193 
Cystic medial necrosis develops to some degree as a natural 
consequence of aging and may be accelerated by comorbid 
conditions such as hypertension.199 Although a degenerative 
aneurysmal process is found in the majority of patients with TAAA, 
several other etiologies should be considered, including inher-
ited collagen vascular disorders (e.g., MFS), BAV disease, aortic 
dissection, infection, and  vasculitis (e.g., giant cell or Takayasu's 
arteritis). Rarer causes of TAA include coarctation of the aorta 
and trauma. Finally, some aneurysms develop because of a famil-
ial predisposition termed familial thoracic aortic syndrome.

NATURAL HISTORY AND PROGNOSIS

The natural history and prognosis for TAAs and TAAAs remain poor 
but not completely defined, in part because modern imaging tech-
niques now allow for early detection and intervention of aneu-
rysm before rupture, and because the natural history is dependent 
in large part on underlying etiology. However, in a study accumu-
lated over 25 years that followed 94 patients with TAAAs who did 
not undergo operative repair, 76% died within 2 years of  follow-up, 
with half of the deaths resulting from aneurysm rupture.200 A more 
recent experience with 57 TAAA patients managed without oper-
ation revealed a 69% 2-year survival, with aneurysm rupture as 
the cause of death in 19%.201 Features associated with aneurysm 
expansion and rupture include smoking, chronic obstructive pul-
monary disease (COPD), and renal insufficiency.202 Dissection as 
an underlying cause of aneurysm formation is also associated with 
a greater risk of rupture compared with degenerative causes.203 
Extension of a TAA into the abdomen is associated with a 50% rela-
tive increase in risk of rupture, compared with those limited to the 
thoracic aorta alone.204

The natural history of TAA depends in large part on rate of expan-
sion. Initial aneurysm size at the time of diagnosis is the most 
important predictor of thoracic aneurysm growth.193 Longitudinal 
data have suggested that the mean rate of growth of thoracic aneu-
rysms averages 0.1 cm/yr.205 Several factors also contribute to the 
rate of growth. Growth rate is increased in the setting of an aortic dis-
section. In one study, presence of a chronic aortic dissection was 
associated with a 0.37 cm/yr rate of growth.205 Descending TAAs 
tend to increase in size more rapidly than ascending TAAs.205,206 
Those who smoke have a twofold increased rate of growth over 
nonsmokers.207

Survival rates for TAA range from 39% to 87% at 1 year and from 
13% to 46% at 5 years.201,207,208 In a study of 67 patients with TAA 
(mean age, 65 years), those with an aortic diameter less than 5 cm 
had a 90% 3-year survival rate, compared to 60% for patients with 
a TAA larger than 5 cm.207 Similarly, in two other studies, patients 
with TAAs 6 cm or larger had a higher mortality rate than those 
with smaller aneurysms.206 Based on these data, referral for surgery 
is recommended when the aneurysm reaches 5.5 cm or greater in 
the ascending aorta.209
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However, several factors increase risk of aneurysm rupture 
and may prompt earlier referral for intervention. Guidelines rec-
ommend that patients with MFS or other  genetic disorders (e.g., 
vascular Ehlers-Danlos', Loeys-Dietz's, and Turner's  syndromes, 
BAV disease, or familial aortic aneurysm) may require interven-
tion at smaller diameters, such as 4.0 cm to 5.0 cm, depending 
on clinical circumstances.206,209–214 In addition, those with a more 
rapid rate of growth than expected (i.e., ≥0.5 cm/yr) may be at 
increased risk of rupture and require repair at diameters less 
than 5.5 cm.209 Finally, repair should be considered in patients 
with ascending aortic diameter greater than 4.5 cm if undergo-
ing aortic valve surgery.209

For aneurysms involving the aortic arch, surgery should be 
considered when the diameter reaches 5.5 cm or greater.209 For 
degenerative descending TAAs, repair is recommended when the 
diameter exceeds 5.5 cm, although in individuals with TAAAs or 
those with high surgical risk, elective surgery is recommended 
when the diameter exceeds 6.0 cm.209 Other factors reported to 
significantly increase rate of rupture or need for surgery include 
older age, history of COPD, pain possibly related to the aneurysm, 
higher blood pressure, and extension of the aneurysm into the 
abdomen.202,204

Inherited and Developmental Disorders
Marfan's Syndrome
Marfan's syndrome is an autosomal dominant inherited disor-
der of connective tissue arising from mutations in FBN1, a gene 
on chromosome 15 encoding the ECM protein fibrillin-1 (FBN1). 
Abnormalities in fibrillin synthesis may affect multiple tissues 
in patients with Marfan syndrome, including the  cardiovascular, 
skeletal, and ocular systems. Excessive signaling through the 
TGF-β cascade has been suggested as a contributing factor. This 
is  supported by experiments showing that TGF-β-neutralizing 
antibodies reverse aortic disease in a mouse model of Marfan 
 syndrome, and by the demonstration that losartan, an angiotensin 
receptor blocker (ARB) with anti-TGF-β properties, can partially 
reverse aortic wall defects in these mice.215 Clinical manifesta-
tions of MFS include ectopia lentis, hyperelasticity and ligamen-
tous redundancy, valvular heart disease, and abnormalities in skin, 
fascia, skeletal muscle, and adipose tissue.

However, potentially the most lethal complication in MFS is dis-
ease of the ascending aorta resulting in aneurysm, dissection, and 
rupture. Dilation of the aortic root has been demonstrated early 
in childhood in patients with Marfan syndrome. Histologically, 
changes in the media seen in patients with MFS include cystic 
medial necrosis with fragmentation and disarray of elastic fibers, 
a paucity of smooth muscle cells, and  separation of muscle fibers 
by collagen and glycosaminoglycans.216

Ehlers-Danlos' Syndrome
Ehlers-Danlos' syndrome type 4 (vascular type) is a rare con-
genital defect in the synthesis of type 3 collagen resulting from a 
mutation in the COL3A1 gene.217 Patients with EDS typically pres-
ent with acrogeria (distinctive facial appearance), bruising, thin 
skin, and vascular or visceral rupture. Histological examination 
reveals a thinned, fragmented internal elastic lamina.218 Moreover, 
deposition of glycosaminoglycans in the media of major arteries 
and intima of smaller arteries, with intimal  thickening, has been 
noted.219 Abnormalities in type 3 collagen fiber formation reduce 
stability or prevent formation of collagen, decreasing vascular 
wall stability.218 In a study of 199 patients with confirmed Ehlers-
Danlos syndrome, 25% of patients suffered a ruptured vessel or vis-
cus by age 20 and 80% by age 40.220 Mean survival was 48 years. 
There were 131 deaths, 103 of which were due to vascular rup-
ture. Complications of pregnancy caused the death of 15% of the 
women who became pregnant.

Loeys-Dietz's Syndrome
Loeys-Dietz's syndrome is an autosomal dominant condition aris-
ing from mutations in either the type I or type II receptor for TGF-
β (TGFBR1 or TGFBR2). Individuals with Loeys-Dietz's syndrome 
have several characteristic features, including abnormal uvula, 
hypertelorism (increased space between the eyes), and arterial 
aneurysms, among other abnormalities, some of which are sim-
ilar to Marfan syndrome.214 The syndrome is characterized by 
particularly aggressive arterial disease manifested as aortic aneu-
rysm with high risk of aortic dissection and rupture. As such, the 
average age of death of 26 years. Because of the high morbidity 
and mortality and the high rate of aortic dissection, even with 
 aneurysms of less than 5.0 cm in size, early repair at smaller diam-
eters is recommended.209,214

Bicuspid Aortic Valve
Presence of a BAV increases the risk of ascending aortic aneurysm 
formation.193 Although it was once thought that the aneurysmal 
dilation was a “post-stenotic” phenomenon arising secondary to 
abnormal flow through a diseased aortic valve, more recent data 
support the notion that aortic expansion occurs independently 
of valvular dysfunction, severity, age, and body size.221 Further evi-
dence that aortic dilation is not dependent on valve dysfunction 
is found in a study of 118 consecutive patients with BAV in whom 
the diameter of the ascending aorta was not correlated with sever-
ity of aortic stenosis.222 Moreover, abnormalities in the aortic wall 
can arise even when there is no hemodynamically significant aor-
tic valve disease, and replacement of a diseased valve does not 
change the rate of aortic expansion.223

In one study comparing aorta and pulmonary artery specimens 
in patients with BAV and tricuspid aortic valve disease, those 
with BAV had decreased FBN1 concentrations in both the aor-
tic and pulmonary specimens, suggesting a systemic disorder.224 
Vascular smooth muscle cells from patients with BAV show intra-
cellular accumulation and reduction of extracellular distribution 
of several structural elements including fibrillin, fibronectin, and 
tenascin.16 Surgical specimens demonstrate greater amounts of 
inflammation and increased expression of MMP-2 and MMP-9 in 
patients with BAV compared to those with tricuspid aortic valve 
disease.225,226 Patients with Turner's syndrome, who are at increased 
risk of developing BAV, also exhibit an increased rate of aneurysm 
formation.227

Aortic Coarctation
Coarctation of the aorta represents 5% of congenital heart disease. 
The clinical consequences of aortic coarctation are varied, rang-
ing from being life-threatening in infancy to remaining unappre-
ciated until adulthood.228 Coarctation has long been recognized 
as associated with de novo aortic aneurysm development, and 
aneurysms can also develop at the site of coarctation repair— 
specifically patch angioplasty repair—in up to 20% of patients.229,230 
Some reports indicate aneurysm formation can even occur sev-
eral decades after initial repair. Intermediate follow-up studies 
suggest that percutaneous balloon angioplasty repair results in 
a 2% to 5% rate of repair-site aortic aneurysm formation.231,232 A 
potential explanation for the relationship between coarctation and 
aortic aneurysm is the common link with the presence of BAV in 
 approximately 15% of patients with aortic coarctation.212

Other Conditions Associated  
with Aortic Aneurysm
Although most aortic aneurysms occur as a result of degenerative 
processes in the aortic wall as described earlier, certain disease 
states including vasculitis, infection, and inherited abnormalities of 
structural proteins predispose patients to aortic aneurysm forma-
tion (see Box 37-1).
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Vasculitides
GIANT CELL ARTERITIS

Giant cell (temporal) arteritis (GCA; see Chapter 43) is a 
medium-vessel chronic inflammatory vasculitis that affects the 
aorta and its branch vessels. It most commonly occurs in patients 
older than 55 years of age and is twice as common in women 
as men.233 Between 1% and 20% of GCA patients develop aneu-
rysms, most commonly in the thoracic aorta.234 In a series of 41 
patients with GCA-related TAAs, 16 developed aortic dissection, 
15 had valvular annular expansion causing symptomatic aortic 
valve insufficiency, and 18 required surgery.235 In a series of 168 
patients with GCA, 18% developed aortic aneurysm or dissection, 
and these occurrences were inversely associated with develop-
ment of intracranial  disease manifestations.234 Presence of an 
aortic aneurysm itself was not associated with increased mortal-
ity; however, the nine individuals who developed aortic dissec-
tion had significantly increased mortality.236 The mechanism of 
aneurysm formation seems to be similar to patients without GCA, 
with increases in MMP-2- and MMP-9-associated  destruction of 
the vessel wall.237,238

TAKAYASU'S ARTERITIS

Named for a Japanese professor of ophthalmology, Takayasu's  
arteritis (TA; see Chapter 42) is a large-vessel vasculitis that typi-
cally has its onset between the age of 10 and 30 years. The most 
common vascular presentation is occlusive disease, found in 80% 
to 94% of patients; however, aortic aneurysms may be found in up 
to one fourth of patients with TA.239,240 Development of aneurysmal 
disease has been associated with worse outcome in a series of 120 
Japanese patients followed for 13 years.241 Blood levels of MMP-2 
and MMP-9 are elevated in TA, but the mechanism of aneurysm 
 formation remains unknown.242

BEHÇET'S DISEASE

Behçet's disease (see Chapter 41) is a small-vessel vasculitis 
originally characterized by a set of three symptoms: aphthous 
stomatitis, genital ulcers, and uveitis.243 Involvement of medium-
sized and large arteries, as well as veins, arises not from direct 
vascular inflammation but rather due to vasculitis of the small 
arteries of the vasa vasorum that supply the vessel wall.244 
Vascular involvement, including aneurysms, can be found in 
7% to 38% of patients.243,245 Management of aneurysmal disease 
in Behçet's disease depends in large part on the location of 
the abnormality and clinical circumstances. First-line therapy 
includes an antiinflammatory regimen with corticosteroids. As 
with other vasculitides, risk of intervention is greatest during the 
state of active inflammation, and there is an increased risk of 
rupture, dissection, and/or future aneurysmal  dilation at the site 
of revascularization.

SERONEGATIVE SPONDYLOARTHROPATHIES

The spondyloarthropathies (see Chapter 41) are characterized 
by inflammation of the spine and sacroiliac joints, association 
with HLA-B27, and absence of rheumatoid factor (RF). These 
disorders are known to be associated with an increased risk 
of aortic aneurysm formation. Specific spondyloarthropathies 
include ankylosing spondylitis, Reiter's syndrome, and relaps-
ing polychondritis.

Ankylosing spondylitis is an HLA-B27 disease that requires the 
presence of four of the five following features: onset younger 
than 40 years of age, back pain for more than 3 months, insidi-
ous onset of symptoms, morning stiffness, and improvement with 
exercise. Aortic root and valve disease is present in up to 80% of 
patients.242 In a series of 44 outpatients, aortic root disease and 
valve disease were found in 82%; thickening of the aortic valve 
was noted in 41% of patients, and aortic dilation in 25%.246 Aortic 

valve thickening manifested as nodularities of the aortic cusps, 
forming a characteristic subaortic bump.242 Valve  regurgitation 
was seen in almost half of patients, and 40% had  moderate 
lesions.

Reiter's syndrome is a reactive arthritis that affects the lower 
limbs, causing an asymmetrical oligoarthritis. To make the diagno-
sis, patients must have evidence of a preceding infection, diarrhea, 
or urethritis 4 weeks preceding the syndrome.247 Less than 1% of 
Reiter's syndrome patients develop cardiovascular complications. 
Among this group, aortic insufficiency is a late finding.

Relapsing polychondritis is a paroxysmal and progressive 
inflammatory disease of the cartilaginous structures, affecting 
the ear, nose, and hyaline cartilage of the tracheobronchial tree. 
Cardiovascular disease, including aortic aneurysms, is found in 
25% to 50% of patients.248

Infectious Aortic Aneurysms
MYCOTIC ANEURYSMS

Also known as infective endarteritis (see Chapter 59), mycotic 
aneurysms are rare phenomena. Two large necropsy studies 
including 22,000 and 20,000 patients, respectively, revealed a 
combined incidence of 0.03% in the United States.249,250 The 
average age of patients with mycotic aneurysms is 65, and 
men are threefold more likely to develop mycotic aneurysms 
than women.251,252 Hematogenous seeding, such as occurs in 
patients with endocarditis, affects a vessel that may be “at risk” 
because of preexisting atherosclerosis or previous damage and 
represents the most common cause of mycotic aneurysms.253 
Indeed, as many as 15% of patients with endocarditis developed 
mycotic aneurysm before the antibiotic era.254 Other etiologies 
include septic microemboli, contiguous extension, and trauma 
with direct contamination. In contrast to the typical degener-
ative or vasculitic fusiform expansion, mycotic aneurysms are 
more likely to be saccular (see Fig. 37-4). The  outpouching may 
range in size from 1 mm to 10 cm and include  components of 
acute and chronic inflammation,  hemorrhage, abscess forma-
tion, and necrosis.

Clinical manifestations of mycotic aneurysm most commonly 
include pain and fever and, if related to a new aneurysm, should 
prompt directed investigation. The organisms that most commonly 
cause mycotic aneurysms include Staphylococcus and Salmonella 
species, which cause 40% and 20% of mycotic aneurysms, respec-
tively.255,256 Surgery should be prompt, since rupture occurs in up 
to 80%.257,258 Prognosis for cerebral vascular infection is dire, with 
1-year mortality for patients who have cerebrovascular mycotic 
aneurysms reaching as high as 90%.258

TUBERCULOUS ANEURYSMS

Aortic aneurysm due to tuberculosis is quite rare. In a series of 
more than 22,000 autopsies performed at one urban medical 
center in the first half of the 20th century, only 1 of 308 aortic 
aneurysms had tuberculous aneurysms,249 whereas there were 
no tuberculous aneurysms among 20,000 autopsies  performed 
in a rural setting.250 Three mechanisms have been postulated to 
facilitate tuberculous adhesion and  endarteritis. It is thought that 
direct extension from a contiguous source, such as the spine or 
lung, may cause 75% of tuberculous aneurysms.259 Other possibili-
ties include adhesion to a vessel  damaged by atherosclerosis or 
infiltration of the inner  layers of the aorta via the vasa vasorum.259 
The abdominal and thoracic  portions of the aorta are affected 
similarly. The presentation of the patient with a tuberculous 
aneurysm varies significantly. The patient may be asymptom-
atic, have a palpable or radiologically visible paraaortic mass, 
complain of chest or abdominal pain, or present with aortic rup-
ture and hypovolemic shock. Tuberculous aneurysms that are 
symptomatic or rapidly expanding and pseudoaneurysms typi-
cally require surgical repair.
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SYPHILITIC ANEURYSMS

Although syphilis may once have been a common cause of aor-
tic disease, antibiotics have greatly diminished the incidence of 
syphilitic aortic aneurysm (luetic aneurysm), such that fewer than 
50 cases have been reported in the antibiotic era.260 Central ner-
vous system (CNS) and cardiovascular complications denote the 
tertiary stage of syphilis. Classically, this arises after a latent phase 
of roughly 10 to 30 years from initial spirochete infection. Syphilitic 
aortitis may occur in up to 10% of patients with tertiary syphilis 
(Fig. 37-6). Destruction of the elastic lamina occurs as a conse-
quence of lymphoplasmacytic infiltrate around the vasa vasorum, 
owing to direct spirochete infection of the aortic media. This ulti-
mately leads to expansion but also fibrosis and calcification, pro-
ducing the classic “tree bark” radiographic pattern. Luetic aortic 
aneurysms commonly involve the ascending aorta and are saccu-
lar. Involvement of the coronary ostia may result in coronary steno-
sis and resultant anginal symptoms. Survival with syphilitic aortic 
aneurysm is worse than the general population.

Trauma
Aneurysms related to trauma are discussed in Chapter 61.
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C H A P T E R  38  Clinical Evaluation of Aortic 
Aneurysms
Joshua A. Beckman, Mark A. Creager

The vast majority of aortic aneurysms are asymptomatic, account-
ing for a much higher disease prevalence than hospitalization 
and mortality statistics would suggest (see Chapter 37). These data 
underscore the central challenge in aortic aneurysmal disease: a 
common clinical problem that is silent until rupture and death. 
Aortic aneurysms typically increase in size slowly over years or 
decades, with few warning signs. The management of aortic aneu-
rysmal disease, therefore, requires suspicion and diligence to avoid 
adverse outcomes. This chapter will focus on the history, physical 
examination, and diagnostic tests important to clinical evaluation 
of aortic aneurysms.

Clinical History
Thoracic Aortic Aneurysms
Aneurysms of the thoracic aorta typically produce no symptoms, 
but a variety of symptom complexes may arise related to aneurysm 
size and location within the thorax.

Patients with aneurysmal dilation of the ascending  thoracic 
aorta may develop clinical manifestations of congestive heart 
 failure (CHF) as a consequence of aortic valvular regurgita-
tion. Enlargement of the sinuses of Valsalva may cause myo-
cardial ischemia or infarction due to direct compression of 
the coronary arteries or  coronary arterial thromboembolism. 
Right  ventricular (RV) outflow tract  obstruction and tricuspid 
regurgitation may result from  aneurysmal deformation of the 
noncoronary sinus. Aneurysms of the sinuses of Valsalva may 
rupture directly into the RV cavity, right atrium, or pulmonary 
artery, causing heart  failure associated with a  continuous mur-
mur. Chest pain may occur when the aneurysm compresses sur-
rounding structures or erodes into  adjacent bone such as the 
ribs or sternum. Compression of the superior vena cava may pro-
duce venous congestion of the head, neck, and upper extremi-
ties. Symptoms are frequently a harbinger of rupture or death. 
Rupture may occur into the left pleural space, pericardium, pul-
monary artery, or  superior vena cava.

Aneurysms of the aortic arch may produce symptoms by 
 compression of contiguous structures, but most are asymptomatic. 
Dyspnea or cough may be caused by compression of the trachea 
or mainstem bronchi, dysphagia by compression of the esopha-
gus, or hoarseness secondary to left vocal cord paralysis related 
to compression of the left recurrent laryngeal nerve. The superior 
vena cava syndrome and pulmonary artery stenosis result when 
these vessels are compressed.1,2 Chest pain, related either to com-
pression of adjacent structures or to erosion of ribs or vertebrae, is 
typically positional. Aneurysms of the aortic arch may rupture into 
the mediastinum, pleural space, tracheobronchial tree (causing 
hemoptysis), or esophagus (causing hematemesis). Arteriovenous 
fistulas (AVFs) may result from rupture into the superior vena cava 
or pulmonary artery. Tuberculous aneurysms, akin to other causes 
of thoracic aortic aneurysms (TAAs), may present with pain but are 
commonly asymptomatic or may present with hypovolemic shock 
as a consequence of rupture.

Symptoms of descending TAAs include chest pain from 
 compression of surrounding soft tissues or erosion of vertebrae. 
Irritation of the recurrent laryngeal nerve may produce hoarseness. 
Dyspnea may result from bronchial compression, and  hemoptysis 
from direct erosion into the lung parenchyma. Dysphagia and 
hematemesis are features of esophageal  compression or erosion. 
Rupture may occur into the mediastinum or left pleural space.

Thoracoabdominal Aortic Aneurysms
Although most patients with thoracoabdominal aortic aneurysms 
(TAAA) are asymptomatic, discomfort occasionally develops in 
the epigastrium or left upper quadrant of the abdomen. Back or 
flank pain may occur when the patient lies in left lateral decubitus 
position. Erosion of the anterior surfaces of the vertebral bodies 
may occur, leading to radiculopathy. Visceral artery occlusion may 
occur, but frank ischemia and infarction are infrequent. Patients 
who complain of claudication also may have occlusive athero-
sclerotic disease of the aorta, iliac, or more distal arteries. Because 
mural thrombosis is so common in atherosclerotic aneurysms, they 
may be the source of peripheral atheroembolism, causing occlu-
sion of distal vessels. Rupture of the thoracic component of these 
aneurysms generally occurs into the left pleural space, producing 
a hemothorax; the abdominal component may rupture into the 
 retroperitoneum, inferior vena cava, or duodenum.

Abdominal Aortic Aneurysms
Most patients with abdominal aortic aneurysms (AAAs) are asymp-
tomatic, yet symptoms may take the form of abdominal  discomfort 
or back pain; some patients become aware of abdominal pulsa-
tion. Less frequently, pain may occur in the legs, chest, or groin; 
anorexia, nausea, vomiting, constipation, or dyspnea may develop. 
Compression of the left iliac vein may cause left leg swelling, just 
as compression of the left ureter may cause hydronephrosis, or 
compression of testicular veins may cause varicocele. As the aneu-
rysm expands and compresses vertebrae and lumbar nerve roots, 
pain may develop in the lower back and radiate to the posterior 
aspects of the legs. Flank pain radiating to the anterior left thigh or 
scrotum may reflect compression of the left genitofemoral nerve. 
Nausea and vomiting may occur as the aneurysm compresses the 
duodenum. Bladder compression may cause urinary frequency or 
urgency.

Occasionally, nascent or frank rupture occurs and causes symp-
toms indicating a life-threatening emergency. The mortality of 
patients with AAA rupture is 60%; patients with symptoms sugges-
tive of rupture require emergent surgical referral. The classical triad 
associated with AAA rupture includes hypotension, back pain, and 
a pulsatile abdominal mass; however, fewer than 50% of patients 
have all components of this triad. Diverticulitis, renal colic, and 
 gastrointestinal hemorrhage represent common disorders in the 
differential diagnosis in these patients.

In the absence of patient complaints, physicians must intuit the 
presence of aneurysm based on the clinical characteristics of the 
patient. Risk factors for aortic aneurysm disease (see Chapter 37) 
can be used to guide directed physical examination and, if neces-
sary, diagnostic testing.

Physical Examination
Physical examination is usually unhelpful in diagnosing TAAs 
because the rib cage precludes palpation of the aorta. Physical 
examination may demonstrate right sternoclavicular lift or tra-
cheal deviation. Dilation of the aortic root may cause aortic valve 
regurgitation.

The key physical finding for an AAA is a pulsatile abdominal 
mass. The patient should be positioned supine with the knees 
flexed. A pulsatile epigastric or periumbilical mass may be  visible 
as well as palpable. To distinguish an AAA from paraaortic masses 
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requires that the examiner's hands address the lateral borders 
(Fig. 38-1). An aneurysm expands laterally with each systole. This 
technique also permits estimation of the transverse diameter of 
the aneurysm. Auscultation may reveal a bruit over the mass, but 
abdominal bruits are not specific for aneurysm formation, and 

only about 40% of such aneurysms are associated with bruits. 
Proper physical examination of the abdomen may detect the pres-
ence of an AAA in 30% to 48% of patients with AAA.3,4 In a review 
of 15 studies, sensitivity of abdominal examination for aneurysm 
detection was 49%4 (Table 38-1).

Several factors limit the potential for AAA diagnosis. First, 
 palpation for an aneurysm requires consideration of the diagno-
sis prior to examination. Routine physical examination decreases 
the sensitivity of the exam. Second, size matters; as the size of 
an aneurysm increases, so does the likelihood of making the 
 diagnosis. Sensitivity of palpation increases to 75% in patients 
with  aneurysms greater than 5 cm in diameter.4 Third, increas-
ing abdominal girth decreases the likelihood of discovery. In one 
study of 201 patients, all six aneurysms present were diagnosed in 
patients with an abdominal girth less than 100 cm, but only 3 of 
12 were detected when the abdominal girth exceeded 100 cm.5 
So although the directed physical examination has moderate 
 sensitivity and  specificity for AAA diagnosis, routine examination 
misses the diagnosis more commonly than making it.

The finding of a pulsatile mass in the groin, suggesting an iliac 
artery aneurysm, or in the popliteal fossa, suggesting a popliteal 
artery aneurysm, should raise the index of suspicion that an AAA 
may be present, since multiple aneurysms often coexist. Physical 
signs such as carotid bruits or diminished arterial pulses in the 
lower extremities may reflect atherosclerosis of other vessels.

Rupture of an AAA usually produces the clinical picture of 
extreme distress as a result of abdominal catastrophe. Despite 
surgical advances, mortality is still the rule because of the abrupt 
nature of circulatory collapse, which prevents timely intervention 
in most cases. Patients frequently have severe abdominal or back 
pain, but the pattern of pain varies considerably and may be either 
persistent or intermittent, sharp or dull, constricting or burning. 
The aneurysm may rupture into the retroperitoneum or into the 
peritoneal or pleural cavities. Patients may develop hypotension, 
tachycardia, pallor, diaphoresis, or shock, depending on the extent 
of rupture and associated blood loss into the extravascular space. 
On occasion, rupture occurs directly into the duodenum, causing 
an aortoduodenal fistula and acute gastrointestinal bleeding. This 
possibility should be considered when gastrointestinal bleeding is 
evident along with signs of an aneurysm on physical  examination.  

SOURCE AGE RANGE NO. SCREENED ALL AAA SENSITIVITY 4-4.9 CM AAA SENSITIVITY ≥5 CM AAA SENSITIVITY

Cabellon55 43-79   73   9  22% NA NA NA NA

Ohman56 50-88   50   3   0%  1 0%  0 NA

Twomey57 >50  200  14  64%  3 100%  4 75%

Allen58 >65  168   3   0%  0 NA  1 0%

Allardice59 39-90  100  15  33%  3 100%  2 100%

Lederle5 60-75  201  20  45%  5 20%  5 80%

Collin60 65-74  426  23  35% NA NA NA NA

Shapira61 31-83  101   4   0%  0 NA  2 0%

Andersson62 38-86  288  14  29% NA NA NA NA

Spiridonov63 17-67  163  10  70%  4 100%  3 100%

MacSweeney64 NA  200  55  24% 16 44%  6 100%

Karanjia65 55-82   89   9 100%  5 100%  2 100%

Molnar66 65-83  411   7  43%  3 33%  2 50%

al-Zahrani67 60-80  392   7  57%  4 50%  2 100%

Arnell68 55-81   96   1 100%  0 NA  0 NA

Fink69 51-88  200  99  68% 44 69% 14 82%

SUMMARY 3155 293  49%

TABLE 38-1 Sensitivity and Specificity of Physical Examination for Abdominal Aortic Aneurysm

AAA, abdominal aortic aneurysm; NA, not available.
Adapted from Lederle FA, Simel DL: The rational clinical examination. Does this patient have abdominal aortic aneurysm? JAMA 281:77–82, 1999.

FIGURE 38-1 Examination to detect lateral borders of an aortic 
aneurysm should be performed with fingertips of both hands. Aneurysm 
should expand laterally with each heart beat. Aortic aneurysm transverse 
diameter may be estimated as distance between closest fingers.
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Rupture may also occur into the inferior vena cava or iliac veins, 
producing an arteriovenous fistula; this is suggested by rapid 
 development of leg swelling or so-called high-output CHF in the 
presence of an AAA.

Screening and Surveillance  
of Aortic Aneurysms
Several trials have evaluated the possibility of reducing AAA event 
rates as a result of screening. In a study from Chichester, United 
Kingdom, 15,775 men and women aged 65 to 80 years were divided 
in two, and half were invited for an abdominal ultrasound 
screening.6 Nearly 70% of those offered screening accepted the 
 invitation, and aneurysm was detected in 4%. A 55% reduction in 
rate of aneurysm rupture (2.8 per 1000 vs. 6.2 per 1000 subjects) 
and a 42% reduction in AAA-related mortality in men only (3 per 
1000 vs. 5.3 per 1000 male subjects) were noted in the screening 
group  compared to controls. A similar study in Denmark offered 
12,658 65- to 73-year-old males a screening invitation, of whom 
9620 accepted and 3038 declined.7 There was a tenfold reduc-
tion in AAA-related death in the group that accepted the invita-
tion compared with those who did not (.006% vs. .06%). Only 
one trial has assessed the impact of screening on total mortality. 
The Multicentre Aneurysm Screening Study (MASS) assessed the 
impact of AAA screening in 67,800 men aged 65 to 74 years.8 Half 
were invited for AAA screening, and the others were not. Long-term 
mortality was monitored in both groups. In the screened group, 
there was a 42% relative risk  reduction in aneurysm-related mortal-
ity from 0.33% to 0.19%,  representing 48 fewer deaths. Reduction in 
 absolute  mortality,  however, was a  statistically insignificant 0.27%.

Some clinical features exist to suggest which patients should 
 definitely undergo screening for aortic aneurysm, and AAA in 
 particular. These include patients with a family history for aneu-
rysm and inherited disorders of connective tissue (e.g., Marfan's 
syndrome [MFS]) and those with arteritis (e.g., Takayasu and giant 
cell arteritis [GCA]). Siblings of patients with an AAA have a 25% 
chance of having an aneurysm.9

On the basis of these data, the American College of Cardiology/
American Heart Association (ACC/AHA) Practice Guidelines for 
the Management of Peripheral Arterial Disease recommends that 
“Men 60 years of age or older who are either the siblings or off-
spring of patients with AAAs” and “men who are 65 to 75 years of 
age who have ever smoked should undergo a physical examina-
tion and one-time ultrasound screening for detection of AAAs.”10 
The U.S. Preventive Services Task Force recommends one-time 
screening for AAA by ultrasonography in men aged 65 to 75 who 
have ever smoked, but does not recommend routine screening in 
women.11 Medicare will pay for a one-time ultrasound screen dur-
ing the “Welcome to Medicare” preventive visit if the patient has a 
family history of AAA or is a man aged 65 to 75 who has smoked at 
least 100 cigarettes in his lifetime.

Screening for TAAs is less well established. Recent data have 
shown that bicuspid aortic valve (BAV) disease is an autosomal 
 dominant condition that may be associated with TAA formation. 
Interestingly, patients with this condition may manifest the valvular 
or aneurysmal findings alone or in tandem.12 Thus, the ACC/AHA 
thoracic  aortic disease guidelines recommend that all patients 
with a  BAV should have both the aortic root and  ascending tho-
racic aorta evaluated for evidence of aortic  dilatation. In  pedigree 
analysis of more than 500 patients with TAA, Albornoz et al. have 
shown that one in five non-MFS patients have an inherited pattern 
of disease.13

Because of the frequency of both known and unknown genetic 
conditions associated with TAA, the ACC/AHA thoracic  aortic 
 disease guidelines recommend that first-degree relatives of 
patients with a bicuspid aortic valve, premature onset of thoracic 
aortic  disease with minimal risk factors, and/or a familial form of 
TAA and dissection should be evaluated for the presence of a BAV 
and asymptomatic thoracic aortic disease.14

Diagnostic Testing
Major objectives of imaging studies include identifying the aorta 
and its branches, diagnosing and characterizing the type of aneu-
rysm (fusiform or saccular), determining the transverse and lon-
gitudinal dimensions of the aneurysm, and detecting associated 
pathology that may affect treatment. Imaging studies are also 
 indicated for longitudinal surveillance of known aneurysms, or for 
anatomical definition before endovascular or surgical repairs. An 
understanding of the benefits and limitations of the several  imaging 
modalities will enable appropriate test selection (Table 38-2).

Chest roentgenography may provide the first indication of a TAA 
(Fig. 38-2). Aneurysms of the ascending thoracic aorta are usually 
evident on the right side of the mediastinum. Aneurysms of the 
aortic arch widen the mediastinal shadow and may project more 
toward the left. These aneurysms may displace or compress the 
trachea or left mainstem bronchus. Descending TAAs typically 
appear as mediastinal masses extending into the left hemithorax. 
Assessment of the aorta by chest roentgenography requires both 
posteroanterior and lateral projections. Failure to detect TAA roent-
genographically, however, does not exclude the diagnosis, since 
aneurysms may not become apparent until considerable  dilation 
has occurred.

Similarly, plain abdominal roentgenography frequently dis-
closes an unsuspected AAA.3 Anteroposterior and lateral views 
of the abdomen may disclose a curvilinear rim of calcification 
in the wall of the aneurysm, and the diameter of the aneurysm 
may be  estimated when such calcification is visible in two oppos-
ing walls. In 25% to 50% of suspected cases, however, the walls of 
the  aneurysm are not sufficiently calcified to permit radiographic 
identification. Furthermore, it may underestimate anteroposterior 
aneurysm size by 15%.

MODALITY ADVANTAGES DISADVANTAGES OPTIMAL USE

Ultrasound Highly accurate sizing Unable to discern longitudinal extent Initial diagnosis
Inexpensive Cannot define branch artery anatomy Follow-up until repair

CT Highly accurate sizing Ionizing radiation Pre-repair assessment
Defines branch artery involvement well Contrast required Stent graft follow-up

MRA Highly accurate sizing Cannot image some stent grafts Pre-repair assessment
No ionizing radiation
Defines branch artery involvement well

Contrast angiography Defines branch artery involvement well Cannot size aneurysm Stent graft implantation
Invasive
Ionizing radiation
Contrast required

TABLE 38-2 Abdominal Aortic Aneurysm Imaging Modalities: Strengths and Weaknesses

NOTE: Sensitivity and specificity of each examination exceed 95% for diagnosis of abdominal aortic aneurysm (AAA).  CT, computed tomography; MRA, magnetic resonance angiography.
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Ultrasound
Ultrasonography is the most commonly used method for identifica-
tion and characterization of AAA. It is the least expensive modality, 
does not expose the patient to ionizing radiation, and can accu-
rately determine the anteroposterior, transverse, and longitudinal 
dimensions of an AAA (Fig. 38-3). Sensitivity for diagnosis of an AAA 
3 cm or larger approaches 100%.10 The examination is rapid and 
easily performed. The abdominal aorta is subject to anteropos-
terior, transverse, and longitudinal evaluation. Sonographic clas-
sification of AAA begins when the maximum diameter exceeds 
3 cm in either anteroposterior or transverse dimensions. Care 
must be taken to image the aorta perpendicular to its longitudi-
nal axis to avoid eccentricity, which may lead to overestimating 
its true diameter. Thrombus is frequently identified within the 
lumen, and echodense calcification may be present in or adjacent 
to the aortic wall. Beyond determining the size of an aneurysm, 
ultrasound  imaging may help define the relation of major arterial 
branches and adjacent organs. Certain ultrasound characteristics 
have  potential value in predicting rupture. Intramural hematoma, 
appearing as a hypoechoic soft-tissue mass surrounding the aorta 
that may  silhouette the psoas muscle, appears to represent such 
a sign.15 This may be indistinguishable from periaortic fibro-
sis, which appears on ultrasound examination as a hypoechoic 
 mantle  surrounding the aortic wall in patients with inflammatory 
aortic aneurysms.

Several groups have recently demonstrated the reliability of a 
“quick screen” in emergency departments.16,17 In a prospective study of 
125 emergency department patients, quick evaluations did not 
miss an AAA. Emergency department testing had 100%  sensitivity 

and 98% specificity.18 Indeed, accuracy is maintained at 100% when 
the “quick screen” and classical examination approaches are com-
pared within a noninvasive vascular laboratory.19

Accuracy of ultrasonography should be considered in respect to 
other imaging modalities (see later discussion). In the Abdominal 
Aortic Aneurysm Detection and Management (ADAM) Veterans 
Administration Cooperative Study Group study, computed tomog-
raphy (CT) and ultrasound were compared. Although both tech-
niques demonstrated sizing variability between local and central 
reading sites,20 in a third of subjects, the variation between ultra-
sound and CT was 0.5 cm or more. Ultrasonographic evaluation 
undersized the aneurysm by a mean of 0.27 cm compared with CT 
measurements. Similarly, in 334 patients participating in an aneu-
rysm endograft study, CT reported a greater aneurysm  diameter 
than ultrasound 95% of the time.21 The correlation between the 
two measurements was strong at 0.7, but in nearly half the patients, 
aortic diameter varied by a centimeter or more between the ultra-
sound and CT studies. Smaller studies confirm both the high 
 sensitivity yet consistent undersizing by ultrasound.

Despite these observations, two large surgical trials have shown 
that ultrasonography is an appropriate method to evaluate and 
follow AAA. The U.K. Small Aneurysm Trial22 and the Aneurysm 
Detection and Management Trial23 used ultrasonographic monitor-
ing to determine the time of surgical repair in the group of patients 
randomized to surveillance. More recently, in the Comparison 
of Surveillance versus Aortic Endografting for Small Aneurysm 
Repair (CAESAR) trial, which compared early endovascular repair 
to watchful waiting, ultrasonographic monitoring was used simi-
larly for monitoring.24 In the absence of any clinical data suggest-
ing the inadequacy of ultrasound, it remains the primary tool for 
diagnosis and follow-up.

Postoperatively, ultrasound can evaluate important  ongoing clin-
ical issues including perianeurysm aortic size and  anastomotic 
aneurysm and pseudoaneurysm formation. Currently, duplex ultra-
sonography is not the ideal imaging test following  endovascular 
aneurysm repair (EVAR). Its sensitivity and specificity are less 
than computed tomographic angiography (CTA) for a variety of 
 problems encountered after endovascular aortic stent grafting 
(e.g., endoleaks, device migration,  thrombosis), so it should not 
be used as the primary method of follow-up.25 Improvements in 
technique, including contrast agents and three-dimensional (3D) 
imaging, are currently in development and likely will improve ultra-
sound's accuracy to diagnose complications of endografts.26–28 
Indeed, recent data suggest that ultrasonography may be approach-
ing acceptability for EVAR follow-up.29 In a prospective study, 108 
patients underwent color Doppler ultrasound, contrast-enhanced 
ultrasonography, CTA, and magnetic resonance angiography 
(MRA) for follow-up after EVAR. Contrast-enhanced ultrasonog-
raphy  demonstrated accuracy similar to CTA and MRA, while all 
three were superior to color Doppler ultrasonography.30

Ultrasound can also be employed to diagnose and moni-
tor TAA. Transthoracic echocardiography (TTA) visualizes the 
 aortic root and a portion of the ascending aorta. Transesophageal 
 echocardiography (TEE) images much of the thoracic aorta well, 

FIGURE 38-2 Posterior-anterior chest radiograph demonstrating 
widened mediastinum in patient with a 5-cm ascending thoracic aortic 
aneurysm (TAA).

FIGURE 38-3 A, Transverse B-mode 
ultrasound image of widest portion of 
abdominal aorta. Electronic calipers 
have been applied and demonstrate a 
5.6-cm transverse diameter and 5.2-cm 
anteroposterior diameter. B, Sagittal 
view of same vessel demonstrating 
transition from normal to aneurysmal 
aorta.

A B
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with  sensitivity and specificity both above 95%31 except where 
obscured by the trachea. The limitation of TEE for routine diagnos-
tic purposes is that it requires sedation and is relatively invasive 
compared to other techniques to evaluate TAA, such as CT and mag-
netic resonance imaging (MRI) examinations (see later discussion).

Computed Tomography
Rapid advances in technology have put CTA in the forefront of 
aortic imaging (see Chapter 14). Contemporary multidetector-row 
CTA can acquire 320 simultaneous helices, creating high-resolution  
images and providing better sensitivity and specificity than could 
be obtained previously32 (Figs. 38-4 and 38-5). Yet even with single-
detector scanners, CT was able to determine aortic aneurysm size 
to within 0.2 mm.33

Computed tomographic angiography is now a preferred imaging 
modality for preoperative definition of aortic aneurysms because 
of its accuracy. Computed tomography can define the proximal 
and distal extension of AAAs34 and determine the relationship 
of the aneurysm to branch arteries.35 In a study of 30 patients 
undergoing AAA repair, both spiral CT and conventional con-
trast angiography were performed. Spiral CT had 100%  sensitivity 
for determining aneurysm extent and better sized the aneurysm 
than angiography, but it revealed only 2 of 9 accessory renal arter-
ies.36 In one study comparing CTA to conventional angiography, 
CTA had 93% sensitivity and 96% specificity in determining clini-
cally significant branch vessel stenoses (≥85%) and the  presence 
of aneurysm.37 Computed tomographic angiography has replaced 
 angiography as the primary presurgical examination because it is 
noninvasive and provides detailed information about the vessel 
walls, such as inflammation, mural thrombus, and vascular calci-
fication. Moreover, CTA creates better anatomical definition with 
various 3D visualization  techniques38 (Fig. 38-6). Also, it can diag-
nose abnormalities in adjacent  structures. Recent data suggest that 
multidetector CTA has similar image quality and diagnostic accu-
racy as MRA, with 91% sensitivity and 98% specificity.39

Computed tomographic angiography also can demonstrate 
mural calcification and, with 3D reconstruction, show aortic angu-
lation.40 Placement of aortic stent grafts for AAA requires acqui-
sition of specific anatomical information prior to the procedure. 
The most important parameter measured prior to placement of 
an endograft is the diameter of the neck. Modalities that create a 
cross-sectional image, including CT, can accurately determine ves-
sel diameter.41,42 Helical CT, MRA, and  digital subtraction angiog-
raphy (DSA) were compared in a prospective study of 61 patients 
planned for aortic stent graft placement.43 Magnetic resonance 
angiography and helical CT were similar in their ability to deter-
mine proximal aneurysm extent and aortic diameter, but CT per-
formed better in imaging accessory renal arteries and detecting 

renal artery stenosis. Currently, 3D CTA reconstruction is becoming 
routine and may provide even better results than 2D images.44

Postoperatively, CT imaging is directed at the primary compli-
cations of stent grafts: endoleaks, device failure, aneurysm expan-
sion, and aneurysm rupture. Determining the type of endoleak has 
important prognostic implications. In a study of 40 aortic stent graft 
patients, CTA was superior to DSA in determining the presence of 
endoleak, with a sensitivity of 92% for CTA and only 63% for DSA. 
Computed tomographic angiography also is effective in detecting 
stent graft migration, distortion, and destruction. Thus, CT imaging 
is indicated for preprocedural planning and post-endograft surveil-
lance. After the implantation, imaging typically is performed at 3, 6, 
and 12 months and yearly thereafter.42

Computed tomographic angiography also is useful to image 
the thoracic aorta for diagnosis,  follow-up, and perioperative 
management of TAA (Fig. 38-7). Computed tomographic can be 
used to follow aneurysm growth,45 detecting changes as small 
as a  millimeter. Use of contrast permits evaluation of aneurysms 
from any angle and the creation of 3D images. In one study of  
49 patients, CT accurately assessed spinal cord circulation and 
predicted the requirement for hypothermic circulatory arrest 94% 
of the time.46 Computed tomographic may also play an important 
role in follow-up of thoracic endovascular grafts by demonstrating 
volumetric changes in the aneurysm and thrombus suggestive of 
a successful repair.47 Computed tomographic angiography accu-
rately assess the thoracic aorta prior to operation, assists in opera-
tive  planning, and is the standard imaging modality for follow-up.

Magnetic Resonance Imaging
Magnetic resonance imaging and angiography are also used to 
image and characterize aortic aneurysms (see Chapter 13). The 
technique has been used for diagnosis of AAA for more than 
20 years48 and is quite acceptable for preoperative evaluation 
(Fig. 38-8). Magnetic resonance angiography can determine aneu-
rysm diameter, longitudinal extent, involvement of branch vessels, 

FIGURE 38-4 Coronal section of an x-ray multidetector computed 
tomographic (CT) scan of abdomen. Large white arrow indicates the 
abdominal aortic aneurysm.

FIGURE 38-5 Three-dimensional (3D) reconstruction of abdominal 
aortic aneurysm (AAA) from a multidetector computer tomography 
angiographic (CTA) scan. Note infrarenal location of aneurysm, vascular 
calcification in white, and tortuosity of iliac arteries.
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and proximity to renal arteries. Both MRI and gadolinium-enhanced 
MRA have better than 90% sensitivity and specificity for determina-
tion of TAA.49 Moreover, MRA has better than 90% sensitivity and 
 specificity for detecting concordant stenoses in splanchnic, renal, 
or iliac branches.50

Magnetic resonance angiography is an accurate method for 
defining aortic anatomy, required prior to aortic endograft, and is 
superior to duplex ultrasonography.41,51 Magnetic resonance angi-

ography is at least as good as CTA for  postprocedural surveillance 
of stent grafts. In a study of 108 patients, MRA  diagnosed endole-
aks with sensitivity and specificity of 96% and 100%,  respectively, 
compared with 83% and 100% for CTA.30 Cine-MRA can show the 
pulsatility of the aneurysm and quantify AAA wall motion before 
and after endovascular graft placement to help identify endoleaks.

One of the more important issues associated with repair of the 
thoracic aorta is identifying the artery of Adamkiewicz. This artery 
arises most commonly from the left side of the aorta between T8 
and L4 and supplies perfusion to the lower two thirds of the spinal 
cord. Both CT and MR, with their high spatial resolution, visualize 

A B

FIGURE 38-6 A 62-year-old man 
with abdominal aortic aneurysm 
(AAA) before (A) and after (B) 
placement of aortic stent. A,  
Patient underwent  contrast-enhanced 
computed tomography (CT) for prein-
terventional evaluation of abdo minal 
aorta and aneurysm, and for planning. 
B, After successful placement of 
stent, CT scan demonstrates effective 
exclusion of aneurysm and restitution 
of aortic lumen.

FIGURE 38-7 Sagittal view of computed tomographic (CT) image of 
thorax, demonstrating aneurysm involving ascending aorta and aortic 
arch, measuring more than 10 cm in diameter. (From Tomey MI, Murthy VL, 
Beckman JA: Giant syphilitic aortic aneurysm: A case report and review of the literature. 
Vasc Med 16:360–364, 2011.)

FIGURE 38-8 Maximal intensity projection (MIP) of magnetic 
resonance angiogram (MRA) demonstrating a 4.7-cm suprarenal 
abdominal aortic aneurysm (AAA).
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the artery well.52,53 In a series of 30 patients with TAA, both MRA and 
CTA visualized the artery of Adamkiewicz via a clear identification 
of the vascular anatomy.54

Contrast Angiography
Contrast angiography is useful to define branch vessel anat-
omy and the longitudinal extent of aortic aneurysms (Fig. 38-9). 
Angiography, which provides information about the aortic lumen, 
cannot accurately size an aneurysm because it does not visualize 
the vessel wall or aneurysm thrombus. Digital subtraction angiog-
raphy has similar accuracy to MRA and CTA in defining aneurysm 
length and aortic anatomy prior to endograft placement. In a study 
of 20 patients prior to endograft placement, length and diameter 
measurements were similar between MRA and CT, but superior 
to DSA.51 Contrast angiography is less commonly performed than 
noninvasive imaging studies because of its invasive nature, the 
nephrotoxicity of contrast, and the lack of diagnostic superiority.

Once an aortic aneurysm is diagnosed, serial imaging studies 
should be performed every 3 to 12 months until the rate of  expansion 
is 1 cm or more per year, or the diameter increases to a point that 
merits surgical or endovascular repair (see Chapters 39 and 40).
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Abdominal aortic aneurysms (AAAs) remain a leading cause of 
death in the elderly. In the United States, ruptured AAAs are the 
15th leading cause of death overall and the 10th leading cause 
of death in men older than age 55.1 In addition, 30% to 40% of 
patients with ruptured AAAs die after reaching a hospital, but with-
out operation.2 When combined with an operative mortality rate of 
40% to 50%,3–7 this results in an overall mortality rate of 80% to 90% 
for AAA  rupture.8–10 Unfortunately, this high mortality rate has not 
changed over the past 20 years despite improvements in operative 
technique and perioperative critical care management that have 
reduced the elective surgical mortality rate to less than 5% in most 
series.3 Ruptured aneurysms also impose a substantial financial 
burden on overall healthcare costs. One report estimated that as 
much as $50 million and 2000 lives could have been saved in 1 year 
if AAAs had been repaired prior to rupture.11 Another study showed 
that emergency operations for AAAs resulted in a mean financial 
loss to the hospital of $24,655 per patient.12 These data have signifi-
cant implications in an era of healthcare cost containment. For all 
these reasons, AAAs remain a central focus for vascular surgeons 
and an important healthcare problem for all physicians.

Definition
Most aortic aneurysms are true aneurysms involving all  layers of 
the aortic wall and are infrarenal in location. As shown by Pierce 
et al.,13 normal aortic diameter gradually decreases from the   thorax 
(28 mm in men) to the infrarenal location (20 mm in men). At all 
anatomical levels, normal aortic diameter is approximately 2 mm 
larger in men than in women and increases with age and increased 
body surface area.13 Because the average  infrarenal aortic  diameter 
is 2 cm, using a 3-cm definition for an infrarenal AAA has been 
 recommended, without the need to consider a more  complicated 
definition based on factors such as gender or body surface area. 
Although such definitions are useful for large patient groups, in 
clinical practice with individual patients,  defining an aneurysm 
based on a 50% or greater diameter enlargement compared with 
the adjacent nonaneurysmal aorta has been  recommended.14 This 
is particularly true for patients with  unusually small arteries, in 
whom even a 2.5-cm local dilation of the infrarenal aorta might 
be aneurysmal if the adjacent aorta were only 1.5 cm in diameter.

Decision Making for Elective Abdominal 
Aortic Aneurysm Repair
The choice between observation and elective surgical repair of 
an AAA for an individual patient at any given point should take 
into account the (1) rupture risk under observation, (2) opera-
tive risk of repair, (3) patient's life expectancy, and (4) personal 
preferences of the patient.15,16 Two randomized trials have pro-
vided  substantial information to assist with this decision-making 
process. The U.K. Small Aneurysm Trial was the first randomized 
trial to compare early surgery with surveillance of 4- to 5.5-cm 
diameter AAAs in 1090 patients aged 60 to 76.17 Those undergo-
ing surveillance underwent repeat ultrasound every 6 months for 
AAAs 4 to 4.9 in diameter cm, and every 3 months for those 5 to 
5.5 cm. If AAA diameter exceeded 5.5 cm, the expansion rate was 
more than 1 cm/yr, the AAA became tender, or repair of an iliac or 
thoracic aneurysm was necessary, elective surgical repair was rec-
ommended. At the initial report in 1998, after a mean 4.6 years’ fol-
low-up, there was no  difference in survival between the two groups. 
After 3 years, patients who had undergone early surgery had better 

late survival, but the difference was not significant. It was notable 
that more than 60% of patients randomized to surveillance eventu-
ally underwent surgery at a median time of 2.9 years. Rupture risk 
among those undergoing careful surveillance was 1% per year.

In 2002, the U.K. trial participants published results of long-term 
follow-up.18 At 8 years, there was a small survival advantage in the 
early surgery group (7.2% improved survival). However, the propor-
tion of deaths due to rupture of an unrepaired AAA was low (6%). 
The early surgery group had a higher rate of smoking cessation, 
which may have contributed to a reduction in overall mortality. An 
additional 12% of surveillance patients underwent surgical repair 
during extended follow-up to bring the total to 74%. Fatal rupture 
occurred in only 5% of men but 14% of women in the surveillance 
group. Risk of rupture was more than four times higher for women 
than men. This prompted participants to recommend a lower- 
diameter threshold for elective AAA repair in women.

The Aneurysm Detection and Management (ADAM) study con-
ducted at the U.S. Department of Veterans Affairs (VA) hospitals 
was published in 2002.19 In this trial, 1163 veterans (99% male) 
aged 50 to 79 with AAAs 4 to 5.4 cm in diameter were random-
ized to either surveillance or early surgery. Surveillance entailed 
ultrasound or computed tomography (CT) scan every 6 months, 
with elective surgery for expansion to 5.5 cm, expansion of greater 
than 0.7 cm in 6 months or greater than 1 cm in 1 year, or develop-
ment of symptoms attributable to the AAA. Computed tomography 
was used for initial evaluation, with AAA diameter defined as the 
maximal cross-sectional measurement in any plane that was per-
pendicular to the aorta. Ultrasound was used for the majority of 
surveillance visits, but CT was used when the diameter reached 
5.3 cm. Patients with severe heart or lung disease were excluded, 
as were those who were not likely to comply with surveillance. As 
in the U.K. trial, there was no survival difference between the two 
strategies after a mean follow-up of 4.9 years. Similarly, more than 
60% of patients in the surveillance arm underwent repair. Initial 
AAA diameter predicted subsequent surgical repair in the surveil-
lance group; 27% of those with AAAs initially 4 to 4.4 cm underwent 
repair during follow-up, compared with 53% of those with 4.5 to 
4.9 cm, and 81% of those with 5- to 5.4-cm diameter AAAs. Operative 
mortality was 2.7% in the early surgery group and 2.1% in the sur-
veillance group. Rupture risk in those undergoing surveillance was 
0.6% per year. This trial confirmed the results of the U.K. trial, dem-
onstrating lack of  benefit of early surgery for AAAs 4 to 5.5 cm, even 
if operative mortality is low. Compliance with surveillance was 
high in both trials. More recently, Ouriel et al. reported results of 728 
patients who were  randomized to either ultrasound surveillance 
or early endovascular AAA repair (EVAR). Mean follow-up of 20 ± 
12 months demonstrated no difference in AAA rupture, aneurysm-
related death, or overall mortality between groups.20

Taken together, these two large randomized studies indicate that 
it is generally safe to wait for AAA diameter to reach 5.5 cm before 
performing surgery in selected men who are compliant with surveil-
lance, even if their operative mortality is predicted to be low even 
in the endovascular era. However, compliance in these carefully 
monitored trials of selected patients was high. In another VA popu-
lation, Valentine et al.21 reported that 32 of 101 patients undergoing 
AAA surveillance were noncompliant despite several appointment 
reminders, and 3 or 4 of these 32 patients experienced rupture. 
Additionally, the increased rupture risk for women seen in the U.K. 
trial highlights the need to individualize treatment on the basis of 
a careful assessment of individual patient  characteristics (rupture 
risk, operative risk, life expectancy, and patient preferences).



480

CH 
39

Elective Operative Risk
As expected, considerable variation in operative risk occurs 
among individual patients and depends on specific risk factors. 
A meta-analysis by Steyerberg et al.22 identified seven prognostic  
factors that were independently predictive of operative mortality 
with elective AAA repair and calculated the relative risk for these 
factors (Table 39-1). The most important risk factors for increased 
operative mortality were renal dysfunction (creatinine (Cr) > 1.8 mg/ 
dL), congestive heart failure (CHF) (cardiogenic pulmonary 
edema, jugular vein distension, or the presence of a gallop rhythm), 
and ischemic changes on resting electrocardiogram (ECG; ST 
depression >2 mm). Age had a limited effect on mortality when 
corrected for the highly associated comorbidities of cardiac, renal, 
and pulmonary dysfunction (mortality increased only 1.5-fold per 
decade). This explains the excellent results reported in multiple 
series in which selected octogenarians have undergone elective 
AAA repair, with mortality comparable to younger patients.23

On the basis of their analysis, Steyerberg et al.22 developed a 
clinical prediction rule to estimate the operative mortality for indi-
vidual patients undergoing elective AAA repair (Table 39-2). This 
scoring system takes into account the seven independent risk fac-
tors plus the average overall elective mortality for a specific center. 
To demonstrate the impact of the risk factors on a hypothetical 
patient, it can be seen that the predicted operative mortality for 
a 70-year-old man in a center with an average operative mortality 
of 5% could range from 2% if no risk factors were present to more 
than 40% if cardiac, renal, and pulmonary comorbidities were all 
present. Obviously this would have a substantial impact on the 
decision to perform elective AAA repair. A similar Bayesian model 
for perioperative cardiac risk assessment in vascular patients has 
been reported by L'Italien et al.,24 which demonstrated the added 
predictive value of dipyridamole- thallium studies in patients with 
intermediate risk for cardiac death. This study also demonstrated 
the protective effect of coronary artery bypass surgery within the 
previous 5 years, which reduced the risk of myocardial infarction 
(MI) or death following AAA repair by 2.2-fold. Although this type 
of statistical modeling cannot substitute for experienced clinical 
judgment, it helps identify high-risk patients who might benefit 
from further evaluation, risk factor reduction, or medical manage-
ment instead of surgery if AAA  rupture risk is not high.

The review of Hallin et al.5 supports the findings of Steyerberg's 
group that renal failure is the strongest predictor of mortality, with a 
four- to ninefold increased mortality risk. Cardiac disease (a history 
of either coronary artery disease [CAD], CHF, or prior MI) was asso-
ciated with a 2.6- to 5.3-fold greater operative mortality risk. Older 
age and female gender appeared to be associated with increased 
risk, but the evidence was not as strong. Valuable data regarding 
predictors of operative risk have been generated by prospective 
trials. In the Canadian Aneurysm Study, overall operative mortality 

was 4.8%.25 Preoperative predictors of death were ECG evidence 
of ischemia, chronic pulmonary disease, and renal insufficiency. 
The  randomized U.K. Small Aneurysm Trial found older age, lower 
forced expiratory volume in 1 second (FEV1), and higher Cr to be 
associated with mortality on univariate analysis.26 With multivariate 
analysis, the effect of age was diminished, whereas renal disease 
and pulmonary disease remained strong predictors of operative 
mortality. The predicted mortality ranged from 2.7% for younger 
patients with below average Cr and above average FEV1 to 7.8% 
in older patients with above average Cr and below average FEV1. 
The U.K. trialists noted that the Steyerberg  prediction rule did not 
work well for the U.K. trial patients. However, they did not gather 
information on a history of CHF (one of the strongest predictors 
in Steyerberg's analysis) in the randomized trial. Female gender 
has also been found to be associated with higher operative risk in 
several population-based studies using administrative data.3,22,27,28 
However, these databases may suffer from inaccurate coding of 
comorbidities and thereby lack of ability to fully adjust for comor-
bid conditions.29 Gender has not been found to be  associated with 
operative mortality in prospective trials.26,30

More recently, a study by Beck et al. from the Vascular Study 
Group of New England assessed risk factors associated with 1-year 
mortality following open AAA repair and EVAR. In this study, 1387 
consecutive patients between 2003 and 2007 underwent elec-
tive AAA repair, including 748 who underwent open repair and 
639 who underwent EVAR. Consistent with other studies, factors 
associated independently with 1-year mortality following open 
AAA repair included age (>70 years), chronic obstructive pulmo-
nary disease (COPD), chronic renal insufficiency (Cr >1.8 mg/dL) 
and  suprarenal aortic clamp site. Likewise, factors associated with 
1-year mortality following EVAR included CHF and AAA diameter. 
One-year mortality correlated linearly with the number of risk fac-
tors present, and accordingly should be factored into decision 
making when considering elective AAA repair.31

Life Expectancy
Assessment of life expectancy is crucial to determine whether an 
individual patient will benefit from prophylactic repair of an AAA. 
Many patients with AAAs have been long-term smokers. Most AAA 

 
RISK FACTOR

 
ODDS RATIO*

95% CONFIDENCE 
INTERVAL

Cr > 1.8 mg/dL 3.3 1.5-7.5

CHF 2.3 1.1-5.2

ECG ischemia 2.2   1-5.1

Pulmonary dysfunction 1.9   1-3.8

Older age (per decade) 1.5 1.2-1.8

Female gender 1.5 0.7-3

TABLE 39-1
  Independent Risk Factors for Operative 

Mortality After Elective Abdominal Aortic 
Aneurysm Repair

*Indicates relative risk compared with patients without that risk factor.
CHF, congestive heart failure; Cr, creatinine; ECG, electrocardiogram. 
From Steyerberg EW, Kievit J, de Mol Van Otterloo JC, et al: Perioperative mortality of elective 
abdominal aortic aneurysm surgery. A clinical prediction rule based on literature and individual 
patient data. Arch Intern Med 155:1998–2004, 1995.22

1. Surgeon-specific average operative mortality:
 Mortality (%): 3 4 5 6 8 12
 Score: − 5 − 2 0 + 2 + 5 + 10 ____

2. Individual patient risk factors:
 Age (yrs):   60 70 80
 Score: − 4  0 + 4

 Gender: Female Male
 Score: + 4  0

 Cardiac comorbidity: MI CHF ECG Ischemia
 Score: + 3 + 8 + 8
 Renal comorbidity: Cr >1.8 mg/dL
 Score: + 12

 Pulmonary comorbidity: COPD, dyspnea
 Score: + 7

3. Estimated individual  surgical mortality  Total Score: _____
 ToTal Score: –5 0 5 10 15 20 25 30 35 40
 MorTaliTy (%):  1 2 3  5  8 12 19 28 39 51

TABLE 39-2  Predicting Operative Mortality After Elective 
Abdominal Aortic Aneurysm Repair

Based on total score from sum of scores for each risk factor (line 2), including surgeon-specific 
average mortality for elective AAA repair (line 1), estimate patient-specific mortality from the 
table (line 3).
AAA, abdominal aortic aneurysm; CHF, congestive heart failure; COPD, chronic obstructive 
pulmonary disease; Cr, creatinine; ECG, electrocardiogram; MI, myocardial infarction.
From Steyerberg EW, Kievit J, de Mol Van Otterloo JC, et al. Perioperative mortality of elective 
abdominal aortic aneurysm surgery. A clinical prediction rule based on literature and individual 
patient data. Arch Intern Med 155:1998–2004, 1995.22
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patients also have extensive comorbid disease, particularly  CAD,  
COPD, hypertension, hyperlipidemia, cerebrovascular disease, and 
cancer.32–37 Many of these chronic conditions increase operative 
risk, as noted earlier. In addition, these factors impact life expec-
tancy. Patients who survive elective AAA repair have a reduced 
life expectancy compared to age- and  gender-matched popula-
tions.38–40 In 2001, Norman et al.41 reviewed 32 publications over 
20 years that described long-term survival after AAA repair. They 
found that the mean 5-year survival after AAA repair was 70%, 
compared with 80% in the age- and gender-matched population 
without AAA. Predictors of late death after successful AAA repair 
include age, cardiac disease, chronic  pulmonary disease, renal 
insufficiency, and continued smoking.38,42,43 The U.K.  trialists found 
(after adjustment for age, gender, and AAA diameter but not car-
diac disease) that both FEV1 and current smoking status (plasma 
cotinine) predicted late death.43

Surgical Decision Making
In patients with symptomatic AAAs, operative repair is nearly always 
appropriate because of the high mortality associated with rupture 
or thrombosis and the high likelihood of limb loss associated with 
peripheral embolism. Occasionally, high-risk patients or those with 
short life expectancies may choose to forego emergency repair 
of symptomatic AAAs, but in general, surgical decision making 
for symptomatic AAAs is straightforward. A contemporary analy-
sis of outcomes of symptomatic AAAs by De Martino et al. from 
the Vascular Study Group of New England recently assessed 2386 
AAA repairs in whom 1959 were elective, 156 were symptomatic, 
and 271 were ruptured. EVAR was successfully performed in 945 
elective patients, 60 symptomatic patients, and 33 ruptured AAA 
patients, respectively. Hospital mortality was 1.7% for elective AAA, 
compared to 1.3% for the symptomatic cohort. One- and 4-year 
survival was determined to be 83% and 68%, respectively, among 
the symptomatic group, which compared favorably to the elective 
group with 89% and 73% 1- and 4-year survival.44

For those with asymptomatic AAAs, randomized trials have pro-
vided assurance that the typical male patient can generally be 
safely monitored with careful ultrasound surveillance until the AAA 
reaches 5.5 cm, at which time elective repair can be  performed. 
However, decision analyses and cost-effectiveness  modeling have 
previously demonstrated that individual patient rupture risk, oper-
ative risk, and life expectancy have to be considered to deter-
mine the optimal threshold for intervention.15,16,45,46 Both the U.K. 
and ADAM trials excluded patients who were considered “unfit” 
for repair, highlighting the fact that those with high operative 
risk and short life expectancy should have a threshold diameter 
greater than 5.5 cm. In the U.K. trial, the rupture risk for women 
was 4.5-fold higher than for men, prompting the authors to rec-
ommend a lower threshold for women than men, so it seems logi-
cal to  consider other factors that may make rupture more likely 
during surveillance as well. In both randomized trials, 60% to 75% 
of patients undergoing surveillance eventually underwent AAA 
repair.19,47 In the U.K. trial, 81% of those with initial diameters 5 to 
5.4 cm eventually underwent repair. Clearly, for many patients with 
this size AAA, the question is not whether to perform AAA repair 
but when. Therefore, in patients with AAA diameters approaching 
5.5 cm whose life expectancy is expected to be more than 5 years 
and whose operative risk is estimated to be low, the patient should 
be informed that AAA repair would likely be required within the 
next few years. This subgroup of patients could be offered surgery 
at a time when it is convenient for them, with the understanding 
that waiting for expansion to 5.5 cm has little risk. In these cases, 
patient preference should weigh heavily in the decision-making 
process. For those with multiple risk factors for rupture, long life 
expectancy, and low operative risk, it would seem prudent to rec-
ommend AAA repair at less than 5.5 cm. Additionally, the ability of 
the patient to comply with careful surveillance should be consid-
ered. Although the recent randomized trials have provided a great 
deal of information to guide decision making, clinicians should 

not adopt a  one-size-fits-all policy for treating patients with AAA. 
Moreover, with a progressively aging population in mind, quality-
of-life assessments should likely be factored into decision-making 
analyses as well.

Preoperative Assessment
Patient Evaluation
A careful history, physical examination, and basic laboratory data 
are the most important factors for estimating perioperative risk and 
subsequent life expectancy. These factors may not only influence 
the decision to perform elective AAA repair, but they may focus 
preoperative management to reduce modifiable risk. Assessments 
of activity level, stamina, and stability of health are important and 
can be translated into metabolic equivalents to help assess both 
cardiac and pulmonary risks.48 Because COPD is an independent 
predictor of operative mortality,26,30 it should be assessed by pulmo-
nary function studies as well as room air arterial blood gas mea-
surement in patients who have apparent pulmonary disease. In 
some cases, preoperative treatment with bronchodilators and pul-
monary toilet can reduce operative risk.49 In more extreme cases, 
pulmonary risk may substantially reduce life expectancy, and in 
these patients, formal pulmonary consultation may be helpful to 
estimate survival. Serum Cr is one of the most important predictors 
of operative mortality25 and must be assessed. The impact of other 
diseases such as malignancy on expected survival should also be 
carefully considered.

It is well established that patients with AAAs have a high preva-
lence of CAD. By performing routine preoperative coronary arte-
riography at the Cleveland Clinic in 1979, Hertzer et al.50 reported 
that only 6% of patients with AAAs had normal arteries; 29% had 
mild to moderate CAD, 29% had advanced compensated CAD, 31% 
had severe correctable CAD, and 5% had severe uncorrectable 
CAD. Furthermore, this study established that clinical prediction of 
the severity of CAD was imperfect because 18% of patients without 
clinically apparent CAD had severe correctable CAD on arteriog-
raphy, compared with 44% of patients whose CAD was clinically 
apparent. This pivotal study has led to intense efforts to identify risk 
factors and algorithms that more accurately predict the presence 
of severe CAD that would justify its correction before AAA repair, 
or would lead to avoiding AAA repair. A number of clinical param-
eters such as angina, history of MI, Q-wave on ECG, ventricular 
arrhythmia, CHF, diabetes, and increasing age have been reported 
to increase the risk of  postoperative cardiac events.51 Various com-
binations of these risk factors have been used to generate predic-
tion algorithms for perioperative  cardiac morbidity.48 In general, 
these algorithms identify low-risk, high-risk, or intermediate-risk 
patients. For high-risk patients, such as those with unstable angina, 
more sophisticated cardiac evaluation is required, whereas low-
risk patients may undergo elective AAA repair  without further test-
ing. For intermediate-risk patients, who comprise the vast majority 
with AAAs, decision making is more difficult and may be assisted 
by additional cardiac testing.51

Aneurysm Evaluation
Most surgeons recommend a preoperative imaging study using 
CT scanning, magnetic resonance imaging or angiography (MRI/
MRA), or arteriography. Contrast-enhanced CT appears to be the 
most useful study for preoperative AAA evaluation when con-
sidering information obtained, invasiveness, and cost (also see 
Chapter 14). This is particularly true for spiral CT scanning, with 
thin “slices” in the region of interest. This allows not only accurate 
size measurements but also accurate definition of the relationship 
of an AAA to visceral and renal arteries. Furthermore, CT scanning 
aids in  identifying venous anatomical anomalies (e.g., retroaortic 
left renal vein, duplicated vena cava) or renal abnormalities (e.g., 
horseshoe or pelvic kidney) that would influence operative tech-
niques and approach. Computed tomography is the technique of 
choice to identify suspected inflammatory aneurysms and may 
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reveal unsuspected abdominal pathology such as associated 
malignancy or gallbladder disease. In centers with experience 
with these techniques, CT angiography has made percutaneous 
intraarterial angiography unnecessary in the vast majority of AAA 
patients. Moreover, in the EVAR era, CT is vital for case planning 
and accurate detailed  anatomical assessment of aortic neck anat-
omy, iliac artery anatomy and tortuosity, and perirenal mural throm-
bus burden among other factors. In addition, three-dimensional 
(ED) modeling of contemporary CT scanning is useful prior to 
EVAR as well as open AAA repair and has largely supplanted the 
role of conventional angiography.

Magnetic resonance imaging is comparable with CT in terms 
of AAA measurement accuracy and other preoperative planning 
issues (also see Chapter 13). It avoids intravenous contrast, which 
may represent an advantage over CT for some patients. Because it 
is more expensive and time consuming, it also is not as widely used 
as CT. When MRA is included with this technique, however, it can 
significantly increase the value in patients where additional imag-
ing would otherwise be required.

Surgical Treatment
For the past 40 years, AAAs have been repaired using the technique 
of endoaneurysmorrhaphy with intraluminal graft placement, as 
described by Creech.52 This procedure is described later in the 
section on transperitoneal approach. Development of this tech-
nique was based in part on the failure of previous “nonresective” 
operations now of only historical interest, including aneurysm 
ligation, wrapping, and attempts at inducing aneurysm throm-
bosis that yielded uniformly dismal results. Abdominal aortic 
aneurysm thrombosis by iliac ligation combined with axillobifem-
oral bypass enjoyed a brief resurgence in popularity for high-risk 
patients but demonstrated a high complication rate, including 
late aneurysm rupture, and an operative mortality rate compa-
rable with conventional repair in similar patients.53–57 Thus this 
technique was similarly abandoned. As an alternative to standard 
open AAA repair, Shah and Leather et al.58 proposed exclusion 
of an AAA with bypass to reduce operative blood loss. However, 
this group has recently published long-term follow-up and no lon-
ger recommends this procedure owing to persistent flow in the 
excluded AAA sac and rupture in rare cases.59 In another attempt 
to reduce the invasiveness of open AAA repair, the use of laparos-
copy as an adjunct has been suggested to assist AAA repair. This 
approach uses laparoscopic techniques to dissect the aneurysm 
neck and iliac arteries, followed by a standard endoaneurysmor-
rhaphy through a mini-laparotomy. Cohen et al.60 have reported 
their results in 20 patients to demonstrate the feasibility of this 
approach, but a clear benefit has not been shown; intraoperative, 
intensive care unit (ICU), and total hospital duration were compa-
rable with conventional AAA repair. Further experience with this 
technique may identify a subgroup of patients for whom a laparo-
scopic-assisted AAA repair is advantageous.

EVAR (see Chapter 40) repair was introduced by Parodi in 
1991 and has rapidly gained in popularity in the United States 
after reports of clinical trials and subsequent U.S. Food and Drug 
Administration (FDA) approval.61 Endovascular AAA repair has 
been shown to reduce operative morbidity, mortality, length of stay, 
and disability compared with open repair.62–65 Recovery time is 
shorter after endovascular repair than open repair,63,66 but endo-
vascular repair may not be as durable.67–74 Frequent and lifelong 
surveillance is required after endovascular repair, along with rein-
tervention or conversion to open repair in some. There appears 
to be a small ongoing risk of rupture after endografting as well. 
Decision analysis suggests that there is little difference in outcome 
between open and endovascular repair for most patients.72 However, 
endovascular AAA repair is usually recommended for those with 
good anatomy for EVAR or those with marginal  anatomy but high 
operative risk for open surgery. Open surgery may be preferred 
for younger, healthier patients in whom there is little difference in 
operative risk between the two strategies, and for whom long-term  

durability is a concern, although contemporary stent grafts appear 
to have improved durability from their  initial  constructs and are 
now recommended for most patients with acceptable anatomy 
(see Chapter 40).

To date, there are several important randomized trials compar-
ing open AAA repair with endovascular repair. Specifically, in the 
EVAR I and DREAM trials, patients were randomized to either open 
repair or EVAR. The EVAR I study demonstrated a 3% lower initial 
mortality associated with endovascular treatment, with a persis-
tent associated reduction in AAA-related death at 4 years. However, 
there was no overall improvement in all-cause mortality between 
groups. Likewise, the DREAM trial demonstrated an operative mor-
tality advantage associated with EVAR compared to open surgical 
repair, but 1-year survival was similar between groups. The EVAR 
II study randomized patients unfit for open AAA repair to either 
EVAR or no surgical therapy. This trial failed to demonstrate a 
survival advantage for the EVAR treatment group compared to 
the no treatment group. It should be noted, however, that most 
ruptures in the EVAR group occurred during a prolonged delay 
before surgery, making the results in this group appear worse. In 
addition, 27% of patients in EVAR II crossed over from the no treat-
ment group to the EVAR group, potentially limiting the study's 
findings.71,75–77 Likewise, the VA Open vs. Endovascular AAA repair 
(OVER) study randomized patients to either open AAA repair or 
EVAR. Results demonstrated diminished perioperative mortality in 
the EVAR group compared to the open repair group (0.5% vs. 3.0%). 
However, there was no observed difference in mortality at 2 years 
between groups. This study also demonstrated diminished median 
procedure times, blood loss, transfusion requirement, duration of 
mechanical ventilation, hospital length of stay, and ICU length of 
stay in the EVAR group.78

These trials illustrate many of the advantages of EVAR therapy or 
open surgery. However, the ultimate treatment must be individually 
tailored to specific patients, especially those with high associated 
surgical risk. Ongoing rapid advances in stent graft technology will 
have to be considered in the future as device applicability and 
accompanying morbidity change.

Perioperative Management
Preoperative intravenous antibiotics are administered to reduce 
the risk of prosthetic graft infection.79 Ample intravenous access, 
intraarterial pressure recording, and Foley catheter monitoring 
of urine output are routine. For patients with significant cardiac 
disease, pulmonary artery catheters are frequently used to guide 
volume replacement and vasodilator or inotropic drug therapy, 
both intraoperatively and in the early postoperative period. Mixed 
venous oxygen tension measurement, available with these cathe-
ters, can provide an additional estimate of global circulatory func-
tion. Transesophageal echocardiography (TEE) can be useful in 
certain patients to monitor ventricular volume and cardiac wall 
motion abnormalities and to guide fluid administration and use 
of vasoactive drugs. Despite the frequent use of pulmonary artery 
catheters, studies examining their use during AAA surgery have 
not demonstrated added value.80,81 However, these studies have 
usually excluded high-risk patients who are most likely to benefit 
from such monitoring. These techniques are not without risk, so 
 selective use is probably more appropriate than routine application.

The volume of blood lost during AAA repair often requires 
blood replacement. Therefore, intraoperative autotransfusion as 
well as preoperative autologous blood donation has become 
popular, primarily to avoid the infection risk associated with 
allogeneic transfusion. Studies of the cost-effectiveness of such 
procedures, however, question their routine use.82–84 Autologous 
blood donation is less important for elderly patients in whom 
life expectancy is shorter than the usual time for development 
of transfusion-associated viral illness. Autologous blood dona-
tion does not appear to be  cost-effective in elderly cardiovascu-
lar patients, because the allogenic blood pool has become safer 
and the transfusion requirement for elective AAA repairs lower.82 
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Intraoperative autotransfusion during AAA repair is widely used 
because of the  documented safety of this technique.85 Because it 
is usually difficult to predict the volume of blood loss during AAA 
repair, most surgeons employ autotransfusion in case blood loss 
becomes extensive. Optimizing oxygen delivery to patients with 
reduced cardiac output by maintaining an adequate hematocrit 
appears beneficial in patients undergoing AAA repair. One study 
has shown that a postoperative hematocrit of less than 28% was 
associated with significant cardiac morbidity in vascular surgery 
patients.86

Maintenance of normal body temperature during aortic surgery 
is important to prevent coagulopathy, allow extubation, and main-
tain normal metabolic function. In a review of patients undergo-
ing elective AAA repair, Bush et al.87 noted significantly more organ 
dysfunction (53% vs. 29%) and higher mortality (12% vs. 1.5%) in 
hypothermic patients (temperature <34.5 °C) compared with nor-
mothermic patients. The only predictor of intraoperative hypo-
thermia was female gender, whereas prolonged hypothermia was 
related to initial hypothermia, indicating the difficulty in rewarm-
ing cold patients. A recent randomized trial found significantly 
reduced cardiac morbidity (1.4% vs. 6.3%) in patients who were 
normothermic (36.7 °C) rather than hypothermic (35.4 °C) intraop-
eratively.88 To prevent hypothermia, a recirculating warm forced-air 
blanket should be placed in contact with the patient, and intrave-
nous fluids, including any blood returned from an autotransfusion 
device, should be warmed before administration.

The role of ischemic preconditioning in lowering the incidence 
of perioperative MI during open AAA repair remains undefined, 
although there are data to support its potential benefit. In the larg-
est study to date, Ali et al. randomized 82 patients undergoing elec-
tive open AAA repair to receive remote ischemic preconditioning 
or not. The technique involves sequential clamping of each com-
mon iliac artery (CIA) for 10 minutes, followed by 10 minutes of 
respective reperfusion. The authors demonstrated that patients 
undergoing remote ischemic preconditioning had both dimin-
ished rates of postoperative MI and diminished critical care length 
of stay compared to the control groups.89

Anesthesia
Nearly all patients undergo general anesthesia for AAA repair. 
Supplemental use of continuous epidural anesthesia, begun imme-
diately preoperatively and continued for postoperative pain con-
trol, is increasing in popularity.90 This technique allows a lighter 
level of general anesthesia to be maintained while controlling pain 
through the epidural blockade. Additional benefits may include a 
reduction in the sympathetic catecholamine stress response, which 
might decrease cardiac complications. One randomized trial com-
paring general anesthesia with combined general and epidural 
anesthesia demonstrated decreased deaths, cardiac events, infec-
tion, and overall complications.91 These benefits, however, were not 
observed in another randomized trial,92 suggesting that the details 
of perioperative management and patient selection may deter-
mine the impact of epidural anesthesia. Furthermore, it is possible 
that the major benefit of epidural anesthesia accrues in the postop-
erative period rather than intraoperatively.93

Perioperative β-adrenergic blockade remains somewhat more 
controversial, given recent findings of randomized controlled 
trials.94 Earlier studies by Pasternack et al.95 demonstrated that 
patients who underwent vascular surgery and received metopro-
lol immediately before operation had significantly lower heart 
rates and less intraoperative myocardial ischemia than untreated 
 controls. Mangano et al.96 performed the first  randomized 
 placebo-controlled trial to assess the effect of atenolol (given intra-
venously immediately before and after surgery and orally during 
that  hospitalization) in patients at risk for CAD who underwent 
noncardiac surgery. A significant reduction in  mortality extend-
ing 2 years after discharge was observed in the atenolol-treated 
patients (3% vs. 14% 1-year mortality) because of reduction in 
death from cardiac causes. In a separate analysis, they noted that 

atenolol-treated patients had a 50% lower incidence of myocar-
dial ischemia during the first 48 hours after surgery and a 40% 
lower incidence during postoperative days 0 to 7.97 Patients with 
perioperative myocardial ischemia were significantly more likely 
to die within 2 years after surgery. Poldermans et al.98  performed 
a randomized trial of perioperative β-blockade with bisoprolol in 
patients with abnormal dobutamine echocardiograms undergoing 
aortic or lower-extremity arterial reconstruction. They found that 
perioperative cardiac death was significantly reduced from 17% 
(placebo) to 3% (bisoprolol). Additionally, nonfatal MI occurred  
in 17% of those given placebo but in none of those given  bisoprolol. 
A subsequent publication from the same authors demonstrated 
that during a mean follow-up of 22 months, cardiac events were 
significantly lower in those who had received perioperative 
β-blockade (12% vs. 32%).99

More recently, however, results from the POISE trial, a random-
ized controlled trial reflecting 190 hospitals, 23 countries, and an 
enrollment of 8351 patients, provided different results. This study 
compared the effects of perioperative extended release metopro-
lol succinate with a limited titration scheme to placebo among 
patients undergoing noncardiac surgery. Results demonstrated 
that there was a significant reduction in the composite end-
point of cardiovascular death, nonfatal MI, and nonfatal cardiac 
arrest among patients receiving perioperative β-blocker therapy. 
However, the study also revealed that there were more deaths and 
strokes among the treated group compared to placebo.94 Although 
these findings seemingly conflict, perioperative β-blocker use is 
valuable when titrated to heart rate, but not when applied at initial 
high dose or without respect to the patient's hemodynamics.100

Given this knowledge, it has been suggested that β-blockers 
are underused, likely because of fears about use in patients with 
COPD or prior heart failure. However, chronic β-blocker usage 
is now known to improve outcomes in patients with heart fail-
ure.101,102 Additionally, Gottlieb et al.101 demonstrated that COPD 
should not be considered a contraindication for β-blockade. 
They found a 40% reduction in risk of death after MI in patients 
with COPD who were taking β-blockers compared with those who 
were not. In Mangano's trial, the only exclusion criteria were pre-
existing ECG abnormalities that would preclude detection of new 
ischemic events. β-Blockers were withheld during the trial only for 
a heart rate of less than 55 beats/min, systolic blood pressure less 
than 100 mmHg, acute bronchospasm, current evidence of CHF,  
or third-degree heart block. The weight of evidence supports  routine 
use of β-blockers for nearly all patients undergoing AAA repair.

Antiplatelet use remains common in this patient cohort, 
 concordant with American College of Cardiology/American 
Heart Association (ACC/AHA) guidelines for noncardiac  surgery. 
Associated bleeding risk with such agents, including aspirin 
and clopidogrel, remains controversial. In a recent study by the 
Vascular Study Group of New England, however, preoperative 
antiplatelet use (aspirin alone, clopidogrel alone, combined dual 
therapy) was not significantly associated with increased serious 
bleeding  complications, measured as reoperation for bleeding 
across a spectrum of commonly performed vascular procedures 
including EVAR, open AAA repair, carotid endarterectomy, and 
lower- extremity bypass.103

Choice of Incision
Abdominal aortic aneurysm repair can be accomplished 
through an anterior transperitoneal incision (midline or trans-
verse; Fig. 39-1) or through a retroperitoneal approach (Fig. 39-2). 
Midline transperitoneal incisions can be performed rapidly and 
provide wide access to the  abdomen, but they may be associated 
with more pulmonary  complications due to postoperative splint-
ing from upper abdominal pain. Transverse abdominal incisions 
just above or below the umbilicus require more time to open and 
close, but may be associated with fewer pulmonary complications 
and late incisional hernias, although this has not yet been proven. 
Retroperitoneal incisions, from the lateral rectus margin  extending 
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into the 10th or 11th intercostal space, afford good exposure of 
both the infrarenal and  suprarenal aorta, but limit exposure of the 
contralateral renal and iliac arteries. In addition, this exposure does 
not allow access to intraabdominal organs unless the peritoneum 
is purposely opened. The left retroperitoneal approach is usually 
favored over the right for exposure of the upper abdominal aorta 
because the spleen is easier to mobilize and retract than the liver. 
The right retroperitoneal approach is used when specific abdomi-
nal problems, such as a stoma, preclude the left-sided approach.104

In recent years, the left retroperitoneal approach has enjoyed 
a resurgence in popularity owing to suggestions that pulmonary 
morbidity, ileus, and intravenous fluid requirements are decreased 
postoperatively. Randomized trials have reached different con-
clusions about the potential advantages of retroperitoneal over 
transabdominal incisions, however. Sicard et al.105 reported more 
prolonged ileus, small-bowel obstruction, and overall complica-
tions after transabdominal compared with retroperitoneal aortic 
surgery, although pulmonary complications were similar. Cambria 
et al.106 found no differences in these incisions in terms of pulmo-
nary complications, fluid or blood requirements, or other postop-
erative complications, except for slightly prolonged return to oral 
intake after the transperitoneal approach.

In the most recent randomized trial, Sieunarine et al.107 
found no differences in operating time, cross-clamp time, blood 
loss, fluid requirement, analgesia requirement, gastrointestinal 
 function, ICU stay, or hospital stay for transperitoneal versus retro-
peritoneal approaches for aortic surgery. In long-term follow-up, 
however, there were significantly more wound problems (hernias, 
bulging, and pain) in the retroperitoneal group. These results sug-
gest that in most cases, the choice of incision for AAA repair is 
a  matter of  personal preference. However, both the transperito-
neal and retroperitoneal approaches have advantages in  certain 
patients. Relative indications for retroperitoneal exposure include 
a  “hostile” abdomen due to multiple previous  transperitoneal 

operations, an abdominal wall stoma, a horseshoe kidney, an 
inflammatory aneurysm, or anticipated need for suprarenal end-
arterectomy or anastomosis, mindful that the retroperitoneal 
approach provides facilitated access to the visceral aorta or even 
supraceliac aortic segments. Relative indications for a transperi-
toneal approach include a ruptured AAA, coexistent intraabdom-
inal pathology, uncertain diagnosis, left-sided vena cava, large 
bilateral iliac artery aneurysms, or need for access to both renal 
arteries. Advantages of each approach make it advisable for sur-
geons to become  proficient with both techniques.

TRANSPERITONEAL  APPROACH

After entering the abdomen through a transperitoneal incision, 
the abdomen is thoroughly explored to exclude other pathol-
ogy and assess extent of the aneurysm. The transverse colon is 
then retracted superiorly, and the ligament of Treitz is divided to 
allow retraction of the small bowel to the right. Exposure is greatly 
assisted using a fixed self-retaining retractor. A longitudinal incision 
is made in the peritoneum just to the left of the base of the small-
bowel  mesentery to expose the aneurysm. This incision extends 
from the inferior border of the pancreas proximally to the level 
of normal iliac arteries distally. Care must be taken to avoid the 
ureters, especially if exposure includes the iliac bifurcation where 
the ureters normally cross. Autonomic nerves to the pelvis course 
anterior to the proximal segment of the left CIA and should be 
retracted with associated retroperitoneal tissue rather than incised, 
to prevent sexual dysfunction in men. The left renal vein should 
be identified and retracted superiorly if necessary to fully expose 
the neck of the aneurysm. Care must be taken not to avulse renal 
vein tributaries, particularly a descending lumbar vein, frequently 
encountered to the left of the aorta, which must be divided before 
the left renal vein is mobile enough to allow upward retraction. 
Rarely, proximal exposure cannot be obtained without division of 
the left renal vein. In such cases, this should be done at its junction 
with the vena cava to maintain patency of collateral drainage via 
adrenal and gonadal branches. In a recent study by Sampson et al., 
56 patients underwent left renal vein  division and ligation during 
open aortic surgery; none developed directly related complica-
tions.108 If necessary, reanastomosis can be performed if renal vein 
engorgement suggests inadequate collateral drainage.

After obtaining adequate aortoiliac exposure, the normal 
aorta and iliac arteries are dissected sufficiently to place a vas-
cular clamp proximal and distal to the aneurysm. Regardless of 
the proximal extent of an infrarenal AAA, it is desirable to con-
struct the proximal aortic anastomosis near the renal arteries to 
avoid subsequent aneurysmal degeneration of residual infrarenal 
aorta. When an AAA approaches or involves the renal arteries, it 
can be safer to apply the cross-clamp proximal to the celiac artery, 
rather than between the renal arteries and the superior mesenteric 
artery (SMA). Green et al.109 demonstrated much higher operative 
 mortality (32% vs. 3%) and renal failure requiring dialysis (23% vs. 
3%) after infrarenal AAA repair when clamping was performed 
between the SMA and renal arteries rather than proximal to the 
celiac artery. They attributed this to the greater likelihood of dis-
lodging atherosclerotic debris in the pararenal aorta as opposed to 
the supraceliac aorta, which is usually less diseased. Complications 
resulted from atheroembolization to the kidneys, legs, and intestine 
or injury to the aorta or renal arteries.

Others have also noted the relative safety of clamping the 
supraceliac aorta, which can easily be accessed by dividing the 
gastrohepatic ligament and the diaphragmatic crus.110 However, 
aortic clamping between the renal arteries and the SMA is also safe 
when performed in properly selected patients without extensive 
plaque in this region.111 Occasionally it is possible to obtain distal 
 control of an AAA on the aorta, but usually aneurysmal changes or 
 calcification in this location make iliac artery clamping preferred. 
A disease-free area of proximal aorta and iliac arteries should be 
identified for clamping to minimize the possibility of clamp injury 
or embolization of arterial debris. Some iliac arteries may be so 

FIGURE 39-1 Transperitoneal abdominal aortic aneurysm (AAA) 
exposure, vascular clamps in place, incising the aneurysm.
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diffusely calcified that clamping without injury is impossible. In 
such cases, internal occlusion with a balloon catheter or  extension 
of the graft to the femoral arteries is required. In most cases, it is 
unnecessary to completely encircle the aorta and iliac arteries 
because vascular clamps can be placed in the anteroposterior 
direction, leaving the back wall undissected. This minimizes the 
likelihood of injury to both lumbar and iliac veins. Sometimes pos-
terior arterial plaque necessitates placement of a vascular clamp 
transversely on either the aorta or iliac arteries, which then require 
careful posterior dissection precisely on the plane of the artery to 
avoid venous injury.

Abdominal aortic aneurysm repair can be accomplished with a 
straight (“tube”) graft in 40% to 50% of patients, without extension 
onto the iliac arteries.30,112 Although concern has been raised about 
the potential for future aneurysm development in the iliac arteries 
after tube graft repair of AAAs, late follow-up has shown that this is 
not clinically significant if the iliac arteries were not aneurysmal 
at the time of AAA repair.113 Extension to the iliac arteries with a 
bifurcated graft for AAA repair is necessary in the remaining 50% 
to 60% of patients because of aneurysmal involvement of the iliac 
arteries or severe calcification of the aortic bifurcation. Extension 
of the graft to the femoral artery level is indicated for severe con-
comitant iliac occlusive disease or rarely because of technical dif-
ficulties associated with a deep  pelvic anastomosis. Iliac artery 
anastomoses are preferred, however, owing to decreased infection 
and  pseudoaneurysm complications compared with femoral artery 
anastomoses.

Prosthetic grafts available for AAA repair include knitted 
Dacron, knitted Dacron impregnated with collagen or gelatin to 

decrease porosity, woven Dacron, and polytetrafluoroethylene 
(PTFE). There is no clear evidence that any of these graft types 
provides superior outcome. In a prospective randomized com-
parison of PTFE and Dacron, long-term patency was equivalent, 
but PTFE had a higher incidence of early graft failure and graft 
sepsis.114 In contrast, in a smaller trial with shorter follow-up, PTFE 
was found to be superior.115 Most surgeons prefer an impervious 
graft to avoid the need for preclotting and thus select impreg-
nated knitted Dacron, PTFE, or woven Dacron.116 This not only 
saves time and more reliably prevents bleeding through the graft 
but also allows graft selection to be delayed until the aneurysm is 
opened so that a graft diameter corresponding to the inner diam-
eter of the normal proximal aorta can be selected. It also allows 
delayed selection of a straight versus bifurcated graft that may 
not always be obvious before the  aneurysm is open and the distal 
aorta can be carefully inspected.

Most surgeons use heparin anticoagulation during aortic cross-
clamping to reduce lower-extremity thrombotic complications. 
Heparin dosage varies from 50 to 150 units/kg, based on personal 
preference. Activated clotting time (ACT) measurement is use-
ful to determine the need for supplemental heparin in prolonged 
cases and the appropriate dose of protamine sulfate to reverse 
anticoagulation after declamping.117 The sequence for applying 
proximal and distal vascular clamps is selected to apply the ini-
tial clamp in the area of least atherosclerotic disease to reduce 
the risk of  distal embolization. The aneurysm is opened longitu-
dinally along its anterior surface, away from the inferior mesen-
teric artery (IMA) in case this requires later reimplantation. The 
proximal aorta is then incised horizontally at the level selected for 

A

B

FIGURE 39-2 A, Positioning and skin incision for retroperitoneal approach for abdominal aortic aneurysm (AAA) repair. B, Retroperitoneal aortic exposure with left 
kidney retracted anteriorly for repair of suprarenal AAA. Left renal artery will be reimplanted as a Carrel patch. Right iliac artery is controlled with a balloon catheter.
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proximal  anastomosis (see Fig. 39-1). To avoid potential injury to 
posterior veins, this incision does not have to extend through the 
back wall of the aorta, although some surgeons prefer complete 
transection for better exposure. Intraluminal thrombotic material 
and atherosclerotic debris are extracted from the aneurysm sac, 
which usually discloses several backbleeding lumbar artery ori-
fices that require suture ligation. If the IMA is patent, it should be 
controlled temporarily with a small vascular clamp (see Fig. 39-1) 
so its need for reimplantation can be assessed after the revascular-
ization is completed. Inferior mesenteric artery revascularization 
may be advised if the hypogastric arteries are diseased or if one 
requires ligation for technical reasons.

Once hemostasis within the opened aneurysm sac has been 
achieved, the proximal anastomosis is performed. There is often 
a distinct ring at the aneurysm neck that defines the appropriate 
level for this anastomosis. Usually polypropylene suture is used, 
taking large aortic “bites” and incorporating a double thickness of 
posterior aortic wall for added strength. If the aortic wall is friable, 
pledgets of Teflon or Dacron can be incorporated into the suture 
line. After completing the proximal anastomosis, the graft is 
clamped and the proximal aortic clamp released briefly to check 
for and correct any suture-line bleeding. If the distal anastomo-
sis is to the aorta, a similar technique is used just above its bifur-
cation, suturing from within the lumen and encompassing both 
iliac artery orifices within the suture line. If iliac artery aneurysms 
exist, these are incised anteriorly so the limbs of a bifurcated graft 
can be sutured to the normal iliac artery beyond these aneurysms 
(Fig. 39-3). Often this requires graft extension to the CIA bifurca-
tion, including the orifices of both the internal and external iliac 
arteries within the distal anastomosis. In rare instances, aneurys-
mal involvement of the distal CIA may preclude anastomosis to 
both the internal and external iliac artery orifices because these 
are widely separated. In such cases, an external iliac artery (EIA) 
anastomosis can be constructed, but care must be taken to pre-
serve adequate pelvic blood flow, which may mean direct revas-
cularization of at least one internal iliac artery (IIA). The need for 
internal iliac revascularization is  usually assessed by the extent 
of  back-bleeding, as discussed later in this chapter (isolated iliac 
aneurysms). For large aneurysms of the left iliac artery, medial 

reflection of the sigmoid  mesocolon assists a retroperitoneal 
approach to the distal CIA and prevents unnecessary dissection 
of autonomic nerves crossing the proximal left common iliac 
artery. Before completing the distal anastomoses, arterial clamps 
are carefully removed, and vigorous irrigation is used to flush out 
any thrombus or debris.

When the first iliac artery (or distal aortic) anastomosis is com-
pleted, flow into that extremity should be restored, releasing the 
clamp slowly to minimize “declamping” hypotension. Declamping 
shock is rare if adequate IV fluid replacement has been admin-
istered. However, sudden restoration of blood flow into a dilated 
distal vascular bed and the associated venous return of vasoactive 
substances that have accumulated in the ischemic limbs usually 
causes some hypotension. Declamping should therefore be grad-
ual and carefully coordinated with the anesthesia team because 
additional volume administration can be required. In some cases, 
the clamp must be intermittently reapplied to allow adequate vol-
ume resuscitation and prevent hypotension. After restoration of 
lower-extremity and pelvic blood flow, the IMA and sigmoid colon 
are inspected.

The IMA can be ligated with a transfixing suture applied to its 
internal orifice if it is small and not associated with known SMA 
occlusive disease, if it has good backflow on release of its vascular 
clamp, if the sigmoid colon and arterial pulsations are good, and 
if at least one IIA is patent. In questionable cases, Doppler signals 
from the sigmoid colon or an assessment of IMA stump pressure118 
may be necessary to determine the need for IMA reimplantation. 
In the rare circumstances when sigmoid colon perfusion appears 
marginal, a circular cuff of the aortic wall around the IMA orifice 
is excised (Carrel patch) and anastomosed to the left side of the 
graft (Fig. 39-4). Next, the adequacy of  lower-extremity blood flow 
is determined by visual inspection of the feet, palpation of distal 
pulses, or more sophisticated Doppler or pulse volume recording. 
If reduced blood flow is detected, intraoperative arteriography 
can differentiate thrombosis or embolism from peripheral vaso-
constriction, which is relatively common if the  procedure is pro-
longed and the patient is cold. Embolism or thrombosis requires 
prompt surgical correction, whereas vasoconstriction requires 
correction of any volume deficit and rewarming.

After assuring adequate intestinal and lower-extremity circula-
tion, heparin is reversed with protamine sulfate if sufficient heparin 

FIGURE 39-3 Completing the iliac anastomosis of an abdominal aortic 
aneurysm (AAA) repair. Lumbar artery orifices have been suture ligated. Flow 
has already been established through the right graft limb.

FIGURE 39-4 Reimplanting inferior mesenteric artery (IMA) with a 
Carrel patch technique after abdominal aortic aneurysm (AAA) repair 
with tube graft.
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has been given to justify reversal, and hemostasis is achieved. The 
aneurysm wall and retroperitoneum are then closed over the graft 
to provide a tissue barrier between the prosthesis and the adjacent 
intestine (Fig. 39-5). The aortic prosthesis and upper anastomosis 
must be isolated from the overlying duodenum during  closure; 
if necessary, a pedicle of greater omentum can be interposed 
to achieve this purpose. The small bowel should be inspected 
 carefully and replaced in its normal position before abdominal 
closure.

RETROPERITONEAL  APPROACH

Proper patient positioning is essential to achieve optimal expo-
sure using the retroperitoneal approach. For most infrarenal 
AAAs, a left retroperitoneal incision centered on the 11th or 
12th rib is employed. The patient's left shoulder is elevated 
at a 45- to 60-degree angle relative to the table, and the pelvis 
is positioned relatively flat. The table is flexed with the break 
positioned at a level midway between the iliac crest and the 
costal margin (see Fig. 39-2A). An air-evacuating “beanbag” is 
helpful to maintain proper positioning. Beginning at the lat-
eral border of the left rectus muscle midway between the pubis 
and umbilicus, the skin incision is carried superiorly and then 
curved laterally up to the tip of the 11th or 12th rib. If exten-
sive exposure of the right iliac artery is required, the incision 
can be extended inferolaterally into the right lower quadrant, 
or a separate right lower quadrant retroperitoneal incision 
can be used. The underlying lateral abdominal wall muscles 
are divided, exposing the underlying peritoneum and the ante-
rior edge of the properitoneal fat layer at the lateral aspect of 
this  exposure. Dissection in the retroperitoneal plane is then 
 developed, either anterior or posterior to the left kidney, until 
the aorta is encountered.

For infrarenal aneurysm exposure, it is often sufficient to pro-
ceed anteriorly and leave the left kidney in its normal position. 
For juxtarenal or suprarenal aneurysms that require more cepha-
lad exposure, the kidney is mobilized anteriorly to approach the 
aorta from behind the left renal artery (see Fig. 39-2B). If the need 
for higher exposure is anticipated, the incision should be directed 
more cephalad over the 9th or 10th rib and the shoulders posi-
tioned as perpendicularly as possible to the table. In this case, more 
table flexion is required to open the space between the pelvis and 
ribs, and the trunk is twisted so that the angle between the  pelvis 
and the table is about 30 degrees. When approaching the aorta 
from behind the left renal artery, it is necessary to divide a large 
lumbar branch of the left renal vein to mobilize the kidney and 
renal vein anteriorly. The ureter must be identified and retracted 
medially with the kidney, taking care to separate it from the iliac 
bifurcation distally.

Medial mobilization of the peritoneal contents exposes the IMA, 
which usually is divided for more complete exposure of the aor-
tic bifurcation and right renal artery, depending on the size of the 
AAA. Exposure is greatly assisted by using a fixed self-retaining 
retractor. If necessary, exposure of the right iliac artery and right 
renal artery is easier after opening and decompressing the AAA. 
Right iliac artery control is often best accomplished by using a 
balloon occlusion catheter after entering the aneurysm (see 
Fig. 39-2B). After achieving adequate exposure, repair of the AAAs 
is usually carried out as described earlier for the transperitoneal 
approach. The retroperitoneal technique does not normally afford 
an opportunity to inspect colonic and intestinal viability, but the 
peritoneum can be opened to accomplish this if any concern 
exists.

Associated Arterial Disease
Indications for concomitant mesenteric or renal artery revascu-
larization during elective AAA repair are comparable with those 
used for isolated disease in these arteries. Occasionally, patients 
with asymptomatic high-grade stenoses of these arteries war-
rant “prophylactic” concomitant reconstruction if the patient 
is at low operative risk and the AAA repair proceeds unevent-
fully. Although the natural history of asymptomatic mesenteric 
artery stenosis is not well characterized, it appears that patients 
with critical disease of all three mesenteric arteries are at suffi-
ciently high risk for future complications of mesenteric ischemia 
that concomitant revascularization is justified.119 Progression of 
renal artery stenosis has been better documented,120,121 but the 
ultimate clinical impact of such progression appears minimal 
in nonhypertensive patients with normal renal function.122 The 
adjacency of the renal arteries to the operative field for AAA 
repair has led some to recommend prophylactic repair of criti-
cal but asymptomatic renal artery  stenoses.123 Although this may 
be appropriate in younger good-risk patients, it adds morbidity 
and mortality to the AAA repair, leading others to recommend 
the combined  procedure only for standard indications of hyper-
tension or  ischemic nephropathy.124,125

Complications of Abdominal Aortic 
Aneurysm Repair
Despite improvements in the outcome of elective AAA repair, 
major complications occur and must be correctly managed 
or avoided to maintain the low mortality necessary to justify 
prophylactic AAA repair. Myocardial infarction is the leading 
single-organ cause of both early and late mortality in patients 
undergoing AAA repair25 and must be carefully assessed and 
managed to reduce mortality. In a recent review of patients 
undergoing elective AAA repair, however, Huber et al.84 found 
that multisystem organ failure (MSOF) caused more deaths 
(57%) than cardiac events (25%). Visceral organ dysfunction 
was the most common cause of MSOF, followed by postoperative 

FIGURE 39-5 Closing aneurysm sac and retroperitoneum between 
graft and duodenum.
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pneumonia. However, most patients with MSOF had associated 
cardiac dysfunction that may have aggravated  visceral ischemic 
injury. Several factors may be responsible for the emergence of 
MSOF as a more prominent cause of death following elective 
AAA repair. First, with modern techniques of intensive care, it is 
uncommon for patients to die with single-system failure (even 
cardiac) following AAA repair. Second, strict attention to cardiac 
risk in these patients may have reduced the relative impact of 
cardiac complications. Finally, older patients with more associ-
ated visceral and renal artery disease underwent AAA repair in 
this series and had the highest likelihood of MSOF postopera-
tively. The relative frequency of  single-system complications fol-
lowing elective AAA repair is listed in Table 39-3.

Cardiac Complications
The majority of cardiac ischemic events occur within the first 
7 days following surgery, during which time intensive care mon-
itoring is appropriate for high-risk patients. Maximizing myo-
cardial function with adequate preload, controlling oxygen 
consumption by the reduced heart rate and blood pressure 
product, ensuring adequate oxygenation, β-blockade, and estab-
lishing effective analgesia are important techniques for prevent-
ing myocardial ischemia postoperatively. Patients with cardiac 
dysfunction have a greater risk of MI when the postoperative 
hematocrit is below 28%, even though this is well tolerated by 
normal individuals.126 Postoperative epidural analgesia, in addi-
tion to providing excellent pain control, may reduce myocar-
dial complications by decreasing the catecholamine stress 
response.91

Hemorrhage
Intraoperative or postoperative hemorrhage usually results from 
difficulties with the proximal aortic anastomosis or from  iatrogenic 
venous injury. Proximal suture line bleeding, particularly when 
 posterior, can be difficult to control, especially if the proximal 
anastomosis is juxtarenal. Venous bleeding usually results from 
injury to the iliac or left renal veins during initial exposure. Often 
the  distal aortic aneurysm or common iliac aneurysm is densely 
adherent to the associated iliac vein, making circumferential 
arterial dissection hazardous. In such cases, vascular clamps can 
 usually be applied successfully without complete dissection of the 
posterior wall of the iliac artery or vascular control obtained with 
balloon  occlusion catheters. A posterior left renal vein or a large 
lumbar vein may pose similar hazards during the proximal dissec-
tion. If undetected by preoperative CT scanning, such anomalies 
pose a high risk for venous injury. Diffuse bleeding after substantial 
intraoperative blood loss is usually due to exhausted  coagulation 
factors and platelets, combined with hypothermia. Aggressive 
rewarming with platelet and coagulation factor replacement is 
required to  overcome this complication.

Renal Failure
Although once common after infrarenal AAA repair, renal failure 
is now rare because of adequate volume replacement and mainte-
nance of normal cardiac output and renal blood flow. Precautions 
are still required, however, to reduce the risk of this complication. 
Because of the renal toxicity of intravenous contrast, it is prudent 
to delay AAA repair following arteriography or contrast-enhanced 
CT to be certain that renal dysfunction has not been induced. A 
more likely cause of renal failure following infrarenal AAA repair 
is embolization of aortic atheromatous debris into the renal arter-
ies during proximal aortic cross-clamping. Preoperative CT scan-
ning may reveal pararenal atheromatous debris or thrombus, 
which should prompt temporary supraceliac cross-clamping until 
the infrarenal aorta is open. Preoperative renal insufficiency is the 
best predictor of postoperative renal failure,25,127 so special precau-
tions are appropriate in such patients. Some evidence supports a 
beneficial effect of intravenous mannitol when given before aortic 
cross-clamping (≈ 25 g).127 Although some have advocated mainte-
nance of higher urine volume using furosemide, the efficacy of this 
approach has not been proven and may hinder assessment of fluid 
balance by artificially increasing urine output.

Gastrointestinal Complications
Some degree of bowel dysfunction occurs after any major abdomi-
nal procedure. However, the paralytic ileus that follows evisceration 
and dissection of the base of the mesentery during transperitoneal 
AAA repair often lasts longer than that occurring after other pro-
cedures. Consequently, one must use caution in reinstituting oral 
feeding postoperatively. Anorexia, periodic constipation, or diar-
rhea is commonly seen in the first few weeks following aneurysm 
surgery.

Sigmoid colon ischemia following AAA repair is a rare but 
 devastating complication that occurs after approximately 1% of 
elective AAA repairs.128,129 This may result from embolization into, 
or  ligation of, the IMA or IIAs. Although the IMA is often chroni-
cally occluded, ligation too far from the  aneurysm wall can oblit-
erate important SMA collaterals. Fortunately, the  abundance of 
collateral flow to the sigmoid colon usually  prevents ischemia. 
Sigmoid ischemia is three to four times more likely  following rup-
tured AAA repair, presumably due to the  associated  hypotension 
and shock added to the usual risk of this complication.128–130 
Careful inspection of the sigmoid colon following graft place-
ment is important and may be facilitated by Doppler insonation 
of the bowel wall and mesentery. Preoperatively, patent IMAs 
should be carefully inspected for back-bleeding following the 
aortic  reconstruction, and ligated only when  back-bleeding is 

COMPLICATION FREQUENCY

Death <5%

All cardiac 15%

MI 2%-8%

All pulmonary 8%-12%

Pneumonia 5%

Renal insufficiency 5%-12%

Dialysis dependent 1%-6%

DVT 8%

Bleeding 2%-5%

Ureteral injury <1%

Stroke 1%

Leg ischemia 1%-4%

Colon ischemia 1%

Spinal cord ischemia <1%

Wound infection <5%

Graft infection <1%

Graft thrombosis <1%

TABLE 39-3  Early (30-Day) Complications After Elective 
Abdominal Aortic Aneurysm Repair*

*Estimated from the following surgical series: Johnston KW: Multicenter prospective study of 
nonruptured abdominal aortic aneurysm. Part II. Variables predicting morbidity and  mortality. 
J Vasc Surg 9:437–447, 1989; Johnston KW, Scobie TK: Multicenter prospective study of 
 nonruptured abdominal aortic aneurysms. I. Population and operative  management. J Vasc 
Surg 7:69–81, 1988; Olsen PS, Schroeder T, Agerskov K, et al: Surgery for abdominal aortic aneu-
rysms. A survey of 656 patients. J Cardiovasc Surg 32:636–642, 1991; AbuRahma AF, Robinson 
PA, Boland JP, et al: Elective resection of 332 abdominal aortic aneurysms in a  southern West 
Virginia  community during a recent five-year period. Surgery 109:244–251, 1991; Diehl JT, Cali 
RF, Hertzer NR, Beven EG: Complications of abdominal aortic  reconstruction. An analysis of peri-
operative risk factors in 557 patients. Ann Surg 197: 49–56, 1983; and Richardson JD, Main KA: 
Repair of abdominal aortic aneurysms. A statewide  experience. Arch Surg 126:614–616, 1991.
DVT, deep vein thrombosis; MI, myocardial infarction. 25,30,112,152–154
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 pulsatile and colon  viability is assured. In  questionable circum-
stances, IMA reimplantation or direct internal iliac revasculariza-
tion is indicated.131

Postoperatively, colon ischemia should be suspected in the 
presence of early diarrhea (usually containing blood), left lower 
quadrant abdominal pain, unexplained fever or leukocytosis, or 
excessive intravenous fluid or pressor requirement. This should 
prompt immediate flexible sigmoidoscopy or colonoscopy. In 
most cases, patchy partial-thickness mucosal necrosis and slough-
ing are detected and often resolve with antibiotic therapy and 
bowel rest. In more severe cases of transmural infarction, however, 
early reexploration is indicated to avoid the high mortality rate 
associated with delayed treatment of this complication. Treatment 
requires  sigmoid resection and colostomy, rarely combined with 
aortic graft excision followed by extra-anatomical bypass if sub-
stantial graft contamination has occurred.

Distal Embolization
Lower-extremity ischemia may occur after AAA repair, usually 
from embolization of aneurysmal debris that occurs during aneu-
rysm mobilization or aortoiliac clamping. Usually such emboli 
are small (termed microemboli) and not amenable to surgi-
cal removal, and they result in transient patchy areas of dusky 
skin or “blue toes” (also see Chapter 47). This can result in per-
sistent pain or skin loss, occasionally necessitating amputation. 
Management is largely expectant. Occasionally, larger emboli 
or distal intimal flaps, particularly in diseased iliac arteries, may 
require operative intervention. For this reason, the legs should be 
carefully inspected intraoperatively for ischemia after AAA repair, 
while the incision is still open and arterial access can be easily 
obtained if necessary.

Paraplegia
Paraplegia due to spinal cord ischemia is rare following infrarenal 
AAA repair. It can result when important spinal artery collateral 
flow via the IIAs or an abnormally low origin of the accessory spi-
nal artery (arterial magna radicularis or artery of Adamkiewicz) is 
obliterated or embolized during AAA repair.132 Because the acces-
sory spinal artery normally originates from the descending tho-
racic or upper abdominal aorta, this complication is much more 
common following thoracoabdominal aneurysm repair.

Impaired Sexual Function
Impotence or retrograde ejaculation due to injury of auto-
nomic nerves during paraaortic dissection may result after AAA 
repair.133 The incidence of this complication is difficult to deter-
mine because of the multiple causes of impotence in this age 
group and frequent underreporting. In the recent ADAM trial in 
U.S. VA  hospitals, 40% of men had impotence before AAA repair.134 
Contrary to most other reports that asked patients retrospectively 
if they had impotence before AAA repair, in the ADAM trial, less 
than 10% developed new impotence in the first year after repair. 
However, the proportion reporting new impotence increased over 
time such that by 4 years after AAA repair, more than 60% reported 
having impotence, which underscores the multifactorial etiology 
of impotence in this age group. Careful preservation of nerves, par-
ticularly as they course along the left side of the infrarenal aorta, 
around the IMA, and cross the proximal left CIA has been shown 
to substantially reduce this complication, which has reportedly 
occurred in up to 25% of patients.135,136 Other possible causes of 
postoperative impotence include reduction in pelvic blood flow 
due to internal iliac occlusion or embolization. Sexual dysfunc-
tion is not confined to open AAA repair patients. A recent study by 
Pettersson et al. demonstrated that a group of patients, when asked 
about their respective sexual function following EVAR, reported 
increased postoperative impotence and ejaculatory  function 
1 year following AAA repair.137

Venous Thromboembolism
Pulmonary embolism (PE) and deep vein thrombosis (DVT) 
are less common after AAA repair than after other abdominal 
operations, perhaps because of intraoperative anticoagulation. 
Unrecognized DVT, however, can occur in up to 18% of untreated 
patients.138 Therefore, perioperative prophylaxis with intermittent 
pneumatic compression stockings or subcutaneous heparin or 
low-molecular-weight heparin (LMWH) is appropriate.

Functional Outcome
Williamson et al.139 recently reviewed their experience with open 
AAA repair with regard to functional outcome. They found that 
two thirds of patients experienced complete recovery at an aver-
age time of 4 months, whereas one third had not fully recovered 
at an average time of nearly 3 years. Additionally, 18% said they 
would not undergo AAA repair again after knowing the recov-
ery process, despite appearing to understand the implications 
of AAA rupture. Eleven percent were initially discharged to a 
skilled nursing  facility, with an average stay of 3.7 months. This is 
similar to a 9% rate of discharge to a facility other than home, 
as reported in a review of national administrative data by Huber 
et al.140 All patients in Williamson's review were ambulatory 
 preoperatively, but at a mean of 25 months’ follow-up, only 64% 
were fully ambulatory, whereas 22% required assistance, and 14% 
were  nonambulatory. Although it is difficult to determine the 
extent of the disability that is due to the AAA repair, this report 
highlights the high rate of disability after open AAA repair. More 
research into long-term functional  outcomes and quality-of-life 
assessment is clearly necessary.

Long-Term Survival
As noted previously, early (30-day) mortality after elective AAA 
repair in properly selected patients is 5% or less, whereas early 
mortality after ruptured AAA repair averages 54% (not including 
patients who died from rupture before repair).5,15 Five-year survival 
after successful AAA repair in modern series is approximately 70%, 
compared with approximately 80% in the age- and gender-matched 
general population.41,42,112,141–145 Ten-year survival after AAA repair is 
approximately 40%. Although survival is similar in men and women, 
women without AAA have longer survival than men. Therefore, 
 survival relative to gender-specific norms is lower in women after 
AAA repair than in men.146 Survival after successful ruptured AAA 
repair versus successful elective repair was similar in one report147 
but reduced in others.148,149 In a population-based analysis from 
Western Australia, survival after ruptured or elective AAA repair was 
similar for men but significantly reduced for women with ruptured 
AAA.146 Overall, survival after AAA repair is reduced compared with 
an age- and sex-matched population because of greater associated 
comorbidity in patients with aneurysms.33,142 Not surprisingly, sys-
temic complications of atherosclerosis cause most late deaths after  
AAA repair in this predominately elderly male population. The cause 
of late deaths after AAA repair are cardiac disease (44%), cancer  
(15%), rupture of another  aneurysm (11%), stroke (9%), and pulmo-
nary disease (6%).141,142,150 Combining cardiac causes,  aneurysmal 
disease, and stroke indicates that vascular complications account 
for two thirds of late deaths following AAA repair.

When outcome is stratified according to these risk factors, the 
5-year survival rate improves to 84% in patients without heart 
disease, which is substantially better than the 54% survival rate 
observed in patients with known heart disease.141 Hypertension 
also reduces 5-year survival after AAA repair from 84% to 59%.141 
In patients without hypertension or heart disease, late survival 
after AAA repair is identical to normal age-matched controls.142 
Multivariate analysis indicates that uncorrected CAD is the most 
significant variable associated with late morta lity after AAA repair, 
but that age, renal dysfunction, COPD, and peripheral occlusive 
disease also contribute.41,42,112,151 One analysis of coronary artery 
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bypass grafting performed in preparation for AAA repair indicates 
that it may improve long-term survival in patients younger than 
age 70 but that older patients do not  benefit from this aggressive 
approach.151 A recent prospective  multicentered study identified 
not only age, cardiac, carotid, and renal disease as independent 
predictors of late mortality following elective AAA repair but also 
aneurysm extent, as judged by size, suprarenal extension, and 
external iliac involvement.143
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C H A P T E R  40  Endovascular Therapy  
for Abdominal Aortic Aneurysms
Matthew J. Eagleton, Gilbert R. Upchurch, Jr.

Surgical treatment of abdominal aortic aneurysms (AAAs) dates 
back centuries. Some of the initial approaches involved techniques 
similar in some fashion to modern endovascular techniques. In 1684, 
Moore reported on the use of large quantities of wire placed intra-
luminally into the aneurysm sac to induce thrombosis of an AAA.1 
Later, electric currents were passed through the wire to further pro-
mote thrombosis. A self-expanding endoluminally placed umbrella 
device was reported by Colt in the early 1900s to treat AAA.2 In the 
mid-1900s, the use of endoluminally placed wire with the passage 
of electricity through it was revived and remained the procedure 
of choice until conventional operative therapy of AAA was intro-
duced.3 Operative repair of AAA evolved during the second half of 
the 20th century. Early techniques ranged from simple aortic liga-
tion to aortic wrapping with cellophane.4,5 Neither was successful. 
In 1951, the first replacement of an aortic aneurysm with an aor-
tic homograft was described by Dubost et al.6 Homografts, however, 
became aneurysmal over time, and the procedure evolved to the 
use of prosthetic material to reconstruct the aorta.7,8 This technique 
was later modified by Creech, who reported on endoaneurysmor-
rhaphy with intraluminal graft placement, leaving the aneurysm sac 
in situ9; this has become the mainstay of treatment.

Although excellent results have been obtained with conventional 
aneurysm repair, it remains a complex, challenging operation that 
initiates great physiological stress for patients. The pursuit of a less 
invasive approach to AAA repair has subsequently evolved. Parodi 
et al.10 reported the first use of endovascular AAA repair (EVAR). 
This approach allowed for intraluminal exclusion of an aneurysm 
with placement, through the femoral arteries, of an endograft. The 
hope was that this would decrease the morbidity and mortality of 
aneurysm repair and allow repairs to be performed in patients with 
significant comorbidities. The original endograft was constructed 
of a Dacron tube sutured to a Palmaz stent. Several generations of 
endografts have since been developed, tested, and put into general 
clinical use. With the evolution of aortic endografting, our knowl-
edge about the pathophysiology of AAA has changed. Our under-
standing of the complexities of this mode of treatment is only just 
being realized and examined. This chapter reviews what is cur-
rently understood about endograft repairs of abdominal aortic 
aneurysms.

Indications
The indications for endovascular repair of an AAA remain the same 
as conventional repair with regard to the size of the aneurysm and 
its rate of growth. The classic teaching is that rupture rates for aneu-
rysms depend on the size of the aneurysm. Rupture rates of 5% 
to 7% per year are estimated for aneurysms between 5 and 7 cm 
in diameter, and a greater than 20% rupture rate per year is esti-
mated for larger aneurysms.11 Compared with observation, surgi-
cal treatment for patients with these larger aneurysms significantly 
improves mortality.12 Although it is known that small aneurysms do 
have the potential to rupture, the U.K. Small Aneurysm Trial, which 
randomized patients with AAAs between 4.5 and 5.5 cm to either 
surgery or observation, suggested that early repair did not improve 
survival.13 The operative arm of this study, however, had a mortal-
ity rate of 5.8%, which is high compared with other large series of 
elective open AAA repair.14 Perhaps with lower mortality rates in 
the operative arm, the conclusions of the study would have been 
reversed.15

Endovascular AAA repair is a less invasive technique than open 
surgery and offers several potential benefits over conventional 

AAA repair. It requires small femoral incisions instead of a large 
abdominal incision, which may decrease the incidence of post-
operative pulmonary complications. Avoidance of extensive retro-
peritoneal dissection decreases the risk for perioperative bleeding. 
The period of aortic occlusion is minimal and accounts for the 
lower incidence of intraoperative hemodynamic and metabolic 
stress compared with patients undergoing open surgery.16 Given 
these differences, endovascular aneurysm repair may be reason-
able in patients who are “unfit” for conventional AAA surgery.17 
Proving its durability as a replacement for conventional surgery 
in relatively healthy patients is the aim of many clinical trials, the 
results of which will be discussed in more detail later.

Anatomical Requirements
The exact anatomical requirements for placing an aortic endo-
graft vary with device design. There are key aspects of each device 
and aortic anatomy to be aware of when assessing a patient as a 
potential candidate for endograft repair. Preprocedural imaging is 
paramount for proper assessment of proximal and distal sites of 
fixation, as well as the path the endograft will traverse before taking 
its postdeployment position.

Imaging
Successful endograft placement is completely dependent on ade-
quate and accurate preoperative planning. One of the major ele-
ments distinguishing preoperative planning in open aneurysm 
repair from endovascular repair is the latter's increased depen-
dency on imaging to provide information necessary for clinical 
decisions. Preprocedural imaging allows the surgeon to deter-
mine whether a patient is an acceptable candidate for endovascu-
lar aortic grafting and which device is best suited for a particular 
patient; this ultimately allows for determining the proper size of the 
endograft.

Historically, contrast aortography was used as a routine adjunct 
to axial imaging because it was felt to allow for a more accurate 
determination of vessel length and angulation before computed 
tomography (CT) reformatting was widely available. Preoperative 
angiography is now rarely employed and reserved for cases 
where an adjunctive therapeutic intervention (i.e., coil embo-
lization) is necessary.18 Recently the advent of flat panel tech-
nology has allowed for development of rotational angiography 
techniques that facilitate construction of three-dimensional (3D) 
images found to be comparable to standard multidetector com-
puted tomographic angiography (CTA). This technique has been 
termed C-arm cone-beam CT or fluoro-CT. Fluoro-CT uses a modi-
fied C-arm with specialized software and allows for precise mea-
surements to be performed without using standard CT imaging.19 
Its routine use in preoperative planning prior to EVAR is currently 
under investigation.20

Spiral CT of the abdomen and pelvis is the mainstay of aortoil-
iac imaging. The imaging protocol is different from the standard 
protocol for most abdominal CT scans. Acquisition should use 
a 1:1.5 helical pitch and 3- to 5-mm collimation.21 Two- to 3-mm 
slices are ideal for providing adequate information for stent graft 
planning. The two-dimensional (2D) images, however, can often be 
mis interpreted. The axial images may “cut” vessels at an angle, par-
ticularly iliac arteries that have some degree of tortuosity, thus 
creating an ellipse as opposed to visualization of the true lumen dia-
meter. Due to this problem, some physicians recommend 3D image  
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processing as a better method to evaluate aortoiliac anatomy for 
endograft therapy.22 Although it was common initially to perform 
an angiogram in addition to a CT scan, recent evaluations suggest 
that high-quality 3D CT scans alone may provide sufficient data 
for endovascular graft planning.18,23 Currently, proprietary products 
for CT postprocessing provide the ability to evaluate the 3D recon-
struction of the aortoiliac system rapidly, rotate the images on the 
screen to obtain better vessel diameter measurements, and pro-
vide “virtual endograft” simulation.

Magnetic resonance angiography (MRA) can provide information 
similar to that of a CT scan. It too can provide thin-slice reconstruc-
tions and 3D postprocessing. Its usefulness, however, is often limited 
by availability and physician expertise. Magnetic resonance imaging 
may provide a useful modality to avoid use of iodinated contrast 
agents in patients.

Intravascular ultrasound (IVUS) is not routinely used in the preop-
erative evaluation of an endograft candidate. It is an invasive proce-
dure, often performed at the time of angiography. Images produced by 
IVUS have a similar problem as viewing axial images on a 2D CT scan. 
Unless the catheter remains centerline within the aorta, the images 
produced will be elliptical, which may also provide shorter-than-
required length measurements. Its primary use is at the time of stent 
graft placement to assess graft position relative to the renal artery 
ostia; this can help diminish the amount of contrast agent required.

Aortic Neck
The aortic neck is defined as the area of the aorta cephalad to the 
aneurysm in which the aortic endograft is placed (Fig. 40-1). This 
zone of the aorta is important for two reasons during aortic endo-
grafting. First, it is the site of proximal fixation that will prevent the 
device from migrating distally. Second, a circumferential seal must 
be obtained between the graft and the aorta in this area to prevent 
leakage of blood into the aneurysm sac. The exact length of aortic 
neck required is somewhat device dependent, but most commer-
cially available devices require a 10- to 15-mm length of aortic neck 

below the level of the most caudal renal artery. Some  investigational 
devices may allow for shorter necks. Several devices employ the use 
of a suprarenal uncovered (or bare) stent to provide additional pro-
tection against graft migration. Suprarenal stent fixation may be use-
ful, particularly in patients who have a shorter aortic neck, because it 
transfers protection against migration to a more normal segment of 
aorta. The suprarenal stent, however, does not provide any function 
with regard to creating a circumferential seal.

In addition to the length of the neck, other anatomical charac-
teristics are important when determining whether patients are suit-
able candidates for endovascular aneurysm repair. These include 
aortic neck angulation, the shape of the neck, and the quality of the 
neck. Neck angulation refers to an alteration in the direction the  
aorta takes with regard to the centerline pathway. Acute angula-
tion of the aortic neck can greatly affect the endograft's ability to 
obtain a proximal seal. Aortic neck angulation of greater than 60 
degrees compared to the centerline is often considered prohibi-
tive for endovascular aneurysm repair. The shape of the aortic neck 
also affects the ability of the graft to obtain a seal as well as fixation.  
A conical-shaped neck (Fig. 40-2) is generally felt to be unstable and 
predisposes to distal migration.24 An increase in diameter from the 
top of the neck to the bottom of greater than 10% is often believed 
to be a contraindication to routine aortic endografting. Presence of 
circumferential thrombus or aortic calcification can also negatively 
affect an endograft's ability to obtain a proximal seal.

Iliac Arteries
The iliofemoral arterial system is important in endograft place-
ment for two reasons. First, most endografts are placed through 
the common femoral artery (CFA) and must traverse the iliofemo-
ral system to reach the aorta. Iliac artery diameter and tortuosity 
can adversely affect the ease with which the endograft traverses 
this course. This topic is covered in more detail below. Certainly 
the presence of significant atherosclerotic disease can cause arte-
rial narrowing that inhibits placement of the device. In addition, 
tortuosity of the iliac arteries can hinder placement of the grafts 
(Fig. 40-3). Second, the iliofemoral system is important because it 
is the site of the distal seal between the endograft and the iliac 
artery, preventing  retrograde flow of blood into the aneurysm sac. 

RAD1

D4

D3

D5

D2

FIGURE 40-1 Diagram of abdominal aortic aneurysm (AAA). D1 
represents diameter at proximal aspect of aortic neck, and D2 represents 
diameter at distal aspect of aortic neck. Distance between D1 and D2, in general, 
must be 10-15 mm to adequately place an endograft. Difference between 
diameter at D1 and D2 should not exceed 10%. D3 represents aortic diameter. 
D4 and D5 represent diameter within common iliac artery (CIA) where the distal 
fixation point of the aortic endograft occurs. Distance between D4 and D5 
should exceed 15 mm. RA is the left and, in this case, most caudal renal artery.

FIGURE 40-2 Three-dimensional (3D) reconstruction from spiral 
computed tomography (CT) scan of abdominal aortic aneurysm  
(AAA). This is representative of a conical neck. Distance between D1 and D2 
is 15 mm. Diameter at D1 is 23 mm and at D2 is  28 mm, representing a >10% 
increase. Patient was not a suitable endograft candidate.
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Many of the features necessary for an adequate aortic neck are 
also necessary for the distal landing zone. Presence of thrombus, 
calcification, and tortuosity can significantly hinder the iliac limb 
seal. Ectatic or aneurysmal iliac arteries obviously affect the ability 
of the graft to seal against the iliac limb. Most available endograft 
systems require at least a 15-mm segment of iliac artery to be of 
adequate caliber and free of significant disease to obtain a distal 
seal. If this is not present, adjunct interventions can be performed 
to assist in placing the device (i.e., iliac artery conduit placement, 
coil embolization of the internal iliac artery [IIA]). Management of 
these complicated situations is discussed in more detail later.

Endograft Design
Endograft design can greatly affect the ability of the device to be 
placed in patients, particularly in those with complex anatomy. 
Alterations in graft characteristics are what distinguish one manu-
facturer's device from another. Some key elements in endograft 
design are outlined in the following discussions.

Delivery System
Standard endograft insertion involves placement of the device 
through an arteriotomy in the common femoral artery, from where 
the graft traverses the external iliac and common iliac arteries 
(CIAs). The ability to deliver the endograft safely and effectively 
in this fashion is a prerequisite for effective repair. Three factors 
are important determinants of device delivery.25

DELIVERY SYSTEM SIZE

With the placement of most endografts through the iliofemoral arterial 
system, any site along this pathway can represent a size limitation, the 
most common of which is the external iliac artery (EIA). Inadequate 
diameter or presence of extensive calcifications can exclude stan-
dard endograft placement. It is intuitive that the size of the delivery 
system cannot be larger than the size of the iliac arteries it traverses. 
Most sheaths are sized based on inner diameter, so knowledge of the 
outer diameter of the sheaths is necessary for safe graft placement. 
Different manufacturers’ devices have different size measurements 
for the delivery systems, so one device may be suitable for placement, 
whereas another is not. Most delivery systems easily traverse an 
 iliofemoral segment of 7 to 8 mm in diameter (or a sheath that does 
not exceed 21 F), although several designs that provide a lower-
profile system are currently in clinical trials in the United States.

FLEXIBILITY

Tortuosity, another anatomical variant, affects the ability to ade-
quately deliver the endograft system. Tortuous iliac vessels can be 
“straightened” with the use of stiff guidewires, but this is not always 

possible or desirable. The ideal delivery system easily traverses 
these arteries on the basis of an intrinsic degree of flexibility. Again, 
different delivery systems have different abilities to track through 
tortuous iliac arteries, and some may be more successfully placed 
than others in this anatomical variant. Delivery systems composed 
of long, flexible, tapered tips pass more easily than those with short, 
stiff, blunt tips. In addition, other aspects of device construction, 
such as metallic struts that provide columnar strength, increase 
device rigidity and limit use in tortuous vessels.25

DELIVERABILITY

A number of features have been noted to affect the deliverability 
of endograft devices. As stated previously, long, flexible, tapered 
tips pass more easily than short, blunt, stiff ones. This allows for 
easier maneuverability through tortuous vessels, as well as past 
sites of narrowing. Larger-caliber devices are also more difficult 
to deliver, particularly in patients with smaller-diameter arteries.25 
Some delivery systems allow for placement of the endograft sys-
tem through alternate sheaths, whereas other systems necessitate 
use of the manufacturer's own delivery system. This can greatly 
affect placement of specific endografts in specific anatomical 
variants. A thorough understanding of the patient's arterial ana-
tomy and the limitations of different endograft systems are impor-
tant. The complexity of the delivery system also affects the ease 
with which it is placed. Some devices generally provide a simple 
maneuver to deploy the graft, whereas others have several com-
plicated steps.

Endograft Features
The ideal endograft should be flexible enough to maneuver 
through tortuous and angulated vessels but also rigid enough to 
prevent kinking. It should have a low profile (having a small exter-
nal diameter) that would allow it to be placed through as small an 
arteriotomy as possible. Two general classifications of endografts 
exist: unibody and modular. A unibody device is a single-piece 
graft—including the main body and both limbs. Although this 
decreases the risk of endoleaks at the graft-graft interface, the uni-
body design often requires a larger delivery system, and sizing can 
be more difficult. The modular system includes endografts that are 
composed of two to three pieces. Generally there is a main body 
that may have one attached limb and one or two docking limbs. 
These devices can be introduced through smaller delivery systems 
and offer a greater degree of flexibility with regard to placement. 
With multiple sites of graft-graft interface, however, there is an 
increased risk of endoleak, as explained later.

Graft material is variable and can range from thin-walled polytet-
rafluorethylene (PTFE) to polyester. The graft material is typically 
supported by a metal framework that is commonly stainless steel, 
its modified version Elgiloy, or nitinol. The graft support can be 
placed inside the graft material (endoskeleton) or outside the graft 
(exoskeleton). Grafts can be fully supported, having stent material 
throughout, or only partially supported, with aspects of the device 
composed only of graft material and no metal. The graft skeleton 
provides several key elements to endograft make-up. First, it assists 
in graft fixation and in obtaining a seal. These stents provide some 
degree of radial force that helps provide a seal, as well as providing 
a point of fixation. Some devices have hooks or barbs in the proxi-
mal aspect of the skeleton that help anchor the graft onto the aor-
tic wall and prevent migration. In addition, some devices employ 
a metal framework that extends above the fabric and is used to 
engage the aorta in the pararenal or suprarenal location. The sec-
ond function of the skeleton is to provide columnar strength, which 
may prevent graft migration. The skeleton can also prevent kink-
ing and occlusion of limbs as they traverse the aortoiliac anatomy. 
Lack of stents, however, may allow a graft to adapt more readily 
to morphological changes without dislocation of attachment sites. 
The interplay of the stent and fabric materials can lead to eventual 
erosion of the fabric.

A B
FIGURE 40-3 Three-dimensional (3D) reconstruction from spiral 
computed tomography (CT) scan of abdominal aortic aneurysm (AAA). 
Note tortuous iliac arteries (A). Degree of tortuosity may be underestimated 
in direct anterior-posterior view, but on a more oblique angle (B), a more 
significant degree of tortuosity is visible.
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Specific Grafts
Various endografts are currently commercially available or in clini-
cal trials in the United States. A brief description of the currently 
commercially available endograft systems (in the United States) is 
outlined in Table 40-1 and depicted in Figure 40-4.

Graft Placement and Postoperative 
Management
Once the patient is deemed an endograft candidate, the best 
graft has been chosen, and the device properly sized, the patient 
can undergo implantation. The majority of endografts are placed 
through the femoral arteries that have been operatively exposed. 
The majority of surgeons prefer the use of the transverse incision 
as it associated with a lower rate of wound complications (12.7% in 
transverse incision vs. 47.5% in vertical incisions).26 Percutaneous 
access for EVAR is growing in popularity, and its use will become 
even more widespread with the further development of low- 
profile devices. Suture-mediated closure devices facilitate this 
process, and using a “preclose” technique has been described to 
allow closure of sheaths as large as 24 F. 27 Use of this procedure has 
been associated with 70% to 100% technical success, and imme-
diate failures mandate surgical exploration of the femoral artery. 
Prospective analysis has demonstrated that use of a percutane-
ous approach may shorten operating times and reduce the rate 
of wound-related complications, without a significant increase in 
overall procedural cost.27–29 The aorta is then cannulated with a 
guidewire and catheter. Small boluses of contrast agent are deliv-
ered to further define the anatomy and localize the renal arteries. 
With an angulated aorta, it is important to remember that the best 
view of the renal arteries and visualization of the fixation zone may 
not be in a direct anterior-posterior plane but at a more cranial-
caudal angle. The device is then generally advanced over a stiff 
guidewire and correctly positioned to allow the most extensive 
coverage within the aortic neck without intruding on the orifice of 
the renal arteries. Each device has its own unique instruction for 
actual deployment. Once the main body and ipsilateral limb have 
been placed, the contralateral limb has to be placed. The sequence 
of events for this varies depending on graft design—whether uni-
body or modular.

Recovery following EVAR is generally rapid and uncompli-
cated, and most patients are discharged home on the first or sec-
ond postoperative day. Return to activities of daily living has been 
shown to be quicker following endovascular repair than open 
surgery. In addition, most patients report less postoperative pain. 
Aortic remodeling following EVAR, however, is a slow process that 

continues for several years. Anatomical changes in the native ves-
sel, particularly at the proximal neck, can cause conformational 
changes in the implanted device that mandate close follow-up. In 
addition, late failures have been identified that have required rein-
tervention.30 Given these facts, routine surveillance following EVAR 
is universally recommended, although there are no standard regi-
mens, and the requirements of a standard intensive regimen are 
debated. Nordon et al. performed a meta-analysis evaluating sec-
ondary intervention rates based on contemporary graft implants.31 
Their findings demonstrated that surveillance imaging alone initi-
ated the secondary intervention in 1.4% to 9% of cases. Over 90% 
of EVAR cases, however, received no benefit from surveillance 
scans. Based on these findings, the group recommended that sur-
veillance should be directed toward those patients identified as 
having a high risk for postoperative complications. Identification of 
this group, however, is not obvious but may be necessary in patients 
with complicated aortic neck anatomy or in patients in whom the 
device was used outside of the indications for use (IFU).

Contrast-enhanced CT is the most widely used modality for  
follow-up after EVAR. It is widely available, has rapid data acquisi-
tion, reproducibility, and is uniform across institutions. The major 
concerns associated with this modality are use of a contrast agent 
and the potential associated nephrotoxicity, radiation exposure, 
and cost. It is considered the gold standard for assessing aortic 
diameter, with nearly 100% sensitivity and specificity. Sensitivity 
and specificity rates for endoleak detection with CT are better 
than those with conventional angiography: 92% and 90% for CT vs. 
63% and 77% for angiography, respectively.32–34 Triphasic CT (non-
contrasted phase, arterial phase, and delayed phase) results in the 
greatest amount of information but at the cost of increased radi-
ation exposure. Unenhanced CT imaging is useful for differentia-
tion of endoleaks from calcifications from the metallic portion of 
a stent graft, and can help detect small perigraft leaks better than 
arterial-phase images. Use of arterial phase alone has a lower diag-
nostic value than combined arterial and delayed-phase scanning.35

Repeated CT scanning subjects the patient to potential carci-
nogenic risks associated with ionizing radiation exposure. The 
estimated lifetime attributable risk of death from cancer follow-
ing an abdominal CT scan in a patient older than 50 years of age 
is 0.02%.31,36 Although this effect in itself is small, the cumulative 
effects over time with repeat imaging can be significant. Repetitive 
use of iodinated contrast can have a cumulative deleterious effect 
on renal function, especially in the elderly and those patients with 
preexisting renal impairment.37 Given this, as well as the expense, 
the use of alternate modes of surveillance has been evaluated.

Magnetic resonance imaging (MRI) and MRA provide much of 
the same imaging information that can be acquired by CT scanning.  

 
 

COMPANY

 
 

DEVICE

INITIAL FDA 
APPROVAL 

DATE

 
DEPLOYMENT 

TYPE

 
GRAFT 

MATERIAL

 
STENT 

MATERIAL

BIFURCATED 
DEVICE 
DESIGN

MAIN BODY 
SHEATH SIZE 

(OD)

 
 

FIXATION

Cook
(Bloomington, 

Ind.)

Zenith May 2003 Self-expanding Dacron Stainless steel Modular 21F-26F Suprarenal

Gore
(Flagstaff, Ariz.)

Excluder November 
2002

Self-expanding ePTFE Nitinol Modular 20F-23F Infrarenal

Endologix
(Irvine, Calif.)

Powerlink October 2004 Self-expanding High-density 
ePTFE

Cobalt chromium 
alloy

Unibody 21F Anatomical (with 
either suprarenal or 
infrarenal proximal 
orientation)

Medtronic
(Minneapolis, 

Minn.)

AneuRx September 
1999

Self-expanding Dacron Nitinol Modular 21F Infrarenal

Medtronic
(Minneapolis, 

Minn.)

Talent June 2008 Self-expanding Dacron Nitinol Modular 22F-24F Suprarenal

TABLE 40-1 Description of a Variety of Commercially Available Endografts

ePTFE, expanded polytetrafluoroethylene; FDA, U.S. Food and Drug Administration; OD, outer diameter.
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Multiple format MR images (T1, T2, gadolinium-enhanced) can be 
viewed in 2D and be reformatted into 3D volumes, allowing dimen-
sional measurements, assessment of luminal patency, device posi-
tioning, and detecting the presence of an endoleak. Limitations 
of MRA/MRI include potential magnet-induced in vivo metallic 
heating or motion, which may prevent imaging in the immediate 
postimplant time period. In addition, postimplant artifacts, in par-
ticular with ferromagnetic metallic stents, will limit morphological 
assessments. Furthermore, there is a risk of nephrogenic systemic 
fibrosis associated with gadolinium contrast use in patients with 
renal insufficiency.38 Benefits of MRI are related to the lack of expo-
sure to ionizing radiation and low nephrotoxicity of MR contrast 
medium. Disadvantages of MRI are its lack of wide availability,   
longer procedure time than CT, patient claustrophobia, and contra-
indications for patients with cardiac pacemakers.

Color duplex ultrasonography (US) is a convenient, noninvasive, 
inexpensive portable means of postimplant surveillance. Its reliabil-
ity as a useful surveillance tool, however, is still debated. Grayscale 
US is accurate for measurement of aortic aneurysm diameter. 
Endoleak detection by US requires color duplex. The reported 
specificity rates of color duplex US for endoleak detection are high 
(89%-97%), but the sensitivity and diagnostic power of color duplex 
US for endoleak detection compared with CT is still debated.39 The 
use of duplex US to detect an endoleak has a sensitivity of approxi-
mately 77%, with a specificity approaching 94%.40 The addition of 
US contrast agents increases sensitivity to 98%, with no significant 
change in specificity.40 Contrast agents are useful in identifying slow 
leaks that are not readily discernible on CT.41,42 Detection of flow 
direction of the endoleak is also an advantage of US that is not eas-
ily discernable with CT.43 Presence of a “to-and-fro” flow pattern is 
associated with spontaneous closure of the endoleak, whereas a 
monophasic or biphasic waveform is consistent with endoleak 
persistence.43 Limitations of color duplex US include its operator 
dependence, variation based on patient physical size, and the need 
for optimal patient preparation. The substitution of duplex US imag-
ing for CT, however, may result in long-term cost savings.44

Problems with Endografting  
and Management
Various problems can arise in the planning and placement of 
abdominal aortic endografts. Once the grafts are in place, several 
complications can arise over time that may require intervention to 
prevent subsequent expansion and possible rupture of the previ-
ously excluded aneurysm. In the following section, several of the 
more common problems that occur following endograft place-
ment are outlined.

Iliac  Artery Disease
When iliac artery disease is present, whether it be aneurysmal 
disease, atherosclerotic disease, or severe tortuosity, the use of an 
iliac conduit can provide a safe route to deliver the endograft.45 
In cases of iliac artery lumen narrowing resulting from athero-
sclerotic disease or increased vessel tortuosity, advancement 
of the device, despite the presence of resistance, can result in 
rupture of the iliac artery. Iliac artery rupture has been reported 
in 1% to 2% of cases.46,47 To circumvent prohibitive iliac artery 
anatomy, an iliac conduit can be used. An iliac conduit involves 
suturing a prosthetic graft (generally 8-10 mm in diameter) to the 
mid–CIA even if it is aneurysmal. This can be done in an end-
to-end or end-to-side fashion, although the latter often provides 
a greater lumen for passage of the device. The device is placed 
through the prosthetic graft, and the iliac limb of the endovascu-
lar graft traverses the CIA and anastomosis and seals within the 
conduit. The distal end of the graft is tunneled along the natu-
ral course of the iliac artery and anastomosed to the femoral 
artery. The distal end of the CIA is oversewn to allow retrograde 
flow through the EIA to  supply the ipsilateral hypogastric artery.  
Alternatively, the hypogastric artery can be anastomosed directly 
to the conduit.

A

B

C

D

E

FIGURE 40-4 Several endograft systems illustrating different features. 
A,  Zenith endograft (Cook Inc., Bloomington, Ind.) represents a three-piece modular 
system with a main body and separate bilateral limbs. This graft design uses a 
bare suprarenal stent and internal stents at the sealing zones and is otherwise 
supported by a stainless steel Z-stent exoskeleton. B, Powerlink graft (Endologix, 
Irvine, Calif.) constructed of expanded polytetrafluoroethylene (ePTFE) and a cobalt 
alloy skeleton. C, AneuRx stent graft system (Medtronic AVE, Santa Rosa, Calif.) 
composed of nitinol exoskeleton. D, Excluder endograft (WL Gore and Associates, 
Flagstaff, Ariz.), which represents a two-piece modular system. Graft is constructed 
from ePTFE and is fully supported by a nitinol exoskeleton. E, Talent endograft 
system (Medtronic AVE, Santa Rosa, Calif.) represents a two-piece modular system 
composed of a suprarenal bare stent and then a nitinol endoskeleton.
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Iliac artery ectasia or aneurysms can present a problem in 
obtaining a distal seal. Enlarged CIAs are present in up to 30% of 
patients presenting for endovascular aneurysm repair.48–51 Many 
available endografts do not allow for ectatic or aneurysmal com-
mon iliac arteries, so the distal seal may have to be obtained within 
the external iliac artery, which is often of normal caliber. If the distal 
seal occurs in the external iliac artery, the hypogastric artery is gen-
erally sacrificed using coil embolization. Presence of a hypogas-
tric artery aneurysm would necessitate the same approach. Rarely, 
bilateral hypogastric artery embolization is required. Hypogastric 
artery embolization can occur before aneurysm repair or concur-
rently. If bilateral embolization is planned, it is generally performed 
in a staged fashion, although its occlusion is not always planned. 
Hypogastric artery embolization is not without risk, and side 
effects can occur in up to 50% of patients.49 Buttock claudication is 
the predominant complaint after hypogastric artery occlusion. This 
occurs in 12% to 50% of patients, but in most it generally resolves 
after several months.48–53 Some 5% to 25% of men complain of new-
onset erectile dysfunction (ED).51,52 Buttock ischemia and bowel 
ischemia requiring resection are of theoretical concern, but they 
have not been described in any of the larger series. Patients requir-
ing embolization in the more distal branches of the hypogastric 
artery (as might be done with the presence of an IIA aneurysm) 
and those in whom coil placement was not adequately controlled 
are at higher risk of developing pelvic symptoms.53 Bilateral hypo-
gastric artery embolization has not been associated with increased 
symptoms when compared with unilateral occlusion.49,50,52 Coil 
embolization of the IIA is not necessary if it is not aneurysmal. In 
the face of CIA aneurysms, Wyers et al.54 have shown that if there 
is a 5-mm neck of iliac artery proximal to the hypogastric artery in 
addition to a 15-mm neck in the external iliac artery, coil emboli-
zation of the hypogastric artery is not necessary to obtain a distal 
seal. This may be possible in up to two thirds of patients requiring 
coverage of the hypogastric artery.

Endoleaks
An endoleak is the persistence of blood flow outside the endo-
graft, but in the aneurysm sac. Endoleaks are classified according 
to their etiology, and currently five types have been described47,48 
(Table 40-2). A type 1 endoleak (Fig. 40-5) arises from inadequate 
sealing at either the proximal aortic (allowing antegrade flow) 
or distal iliac (allowing retrograde flow) attachment sites. Type 
2 endoleaks (Fig. 40-6) arise from patent branch vessels off of 
the aortic sac that allow for retrograde flow into the aneurysm. 
Such branches may include a patent lumbar or inferior mesen-
teric artery (IMA). Type 3 endoleaks develop from defects in the 
fabric of the graft or at the junction zone between modular com-
ponents. Type 4 endoleaks develop secondary to diffuse “leak-
ing” of blood between the interstices of the fabric or where the 
graft is sutured to a stent. Type 5 endoleaks describe a scenario in 
which the aneurysm sac remains pressurized and the aneurysm 
enlarges, but no demonstrable flow of blood into the sac can be 
visualized on current imaging modalities. These may be due to 
imaging that is not sophisticated enough to discern these leaks 

or due to intermittent episodes of leakage.49 The pressure applied 
to the aneurysm sac causing it to continue to expand in this situa-
tion, has been termed endotension.50,51 Controversy with regard to 
this concept exists, in particular with the ability of the thrombus 
to transmit pressure to the aneurysm wall. It is argued that these 
merely represent a type 1, 2, or 3 endoleak in which the defect 
is large enough to allow blood to flow into the sac and transmit 
pressure to the sac, but the exit site is not present or too small to 
be detected.

Type 1 and type 3 endoleaks are associated with significant 
risks of aneurysm enlargement and possible rupture, and these 
should be treated.55,56 This may be accomplished with placement 
of an extension cuff limb over the site of the leak. If the leak is a 
type 1 and the graft is juxtaposed to the inferior border of the renal 
arteries, a large balloon-expandable stent can be placed in the 
proximal aspect of the endograft. This provides increased radial 
force, causing better juxtaposition of the graft and aortic wall, thus 
ameliorating the leakage. If this is unsuccessful, open repair and 
graft explantation are generally indicated. Fabric tears are eas-
ily managed if the site of the leak is localized. In these situations, 
the tear can be covered with a cuff or extension. When it is more 

 
ENDOLEAK

 
CAUSE

BLOOD FLOW INTO 
SAC

Type 1 Inadequate seal at aortic or 
iliac attachment sites

Antegrade or 
retrograde

Type 2 Patent branches off aneurysm 
sac

Retrograde

Type 3 Fabric defects or component 
junctions

Antegrade

Type 4 Leak at fabric interstices Antegrade

Type 5 Endotension No clear leak

TABLE 40-2 Endoleak Classification

FIGURE 40-5 Angiogram demonstrating a type 1 endoleak. Contrast 
can be seen leaking around proximal part of graft and filling aneurysm sac. 
Patient subsequently had a giant Palmaz stent placed in the aortic neck, and this 
ameliorated the endoleak.

FIGURE 40-6 Computed tomography (CT) scan representative of a 
type 2 endoleak.  There is contrast within aneurysm sac but outside limbs of 
endograft. This aneurysm had continued expansion until patient underwent 
embolization of inferior mesenteric artery (IMA).
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 diffuse, the entire endograft can be relined with a second endo-
graft, or the device can be removed and the aneurysm repaired in 
an open fashion.

Type 2 endoleaks are rarely associated with aneurysm rupture.57 
At least 10% to 15% of patients are identified with a type 2 endoleak 
during follow-up.58–61 Warfarin treatment is not associated with an 
increased incidence of early or delayed postoperative endoleak, 
but type 2 endoleaks are less likely to undergo spontaneous reso-
lution in these patients.62 Type 2 endoleaks are generally observed 
unless they are associated with an increase in aneurysm size or 
aortic pulsatility on physical examination. In these situations, arte-
riography is the next step to identify the source of the endoleak. 
Superior mesenteric artery injection reveals retrograde IMA flow 
as the source, whereas selective hypogastric artery injection dem-
onstrates a lumbar artery filling the aneurysm. Super-selective arte-
rial canalization can then be performed with embolization of the 
feeding vessels. Another approach is through direct aneurysm sac 
puncture.63 With direct sac puncture, one can measure sac pressure 
and inject the sac directly with contrast agent to precisely identify 
the leak. The systolic sac pressure is related to the size of the leak, 
and the pulse amplitude is related to the resistance of the outflow 
vessels and sac compliance.64 After localization of the leak, feeding 
vessels can be directly accessed and embolized.65 In addition, the 
sac can be filled with substances such as coils, glue, or gel foam to 
further prevent flow. Differences in outcomes between these two dif-
ferent approaches has not been realized.66

Measurement of intrasac pressures may help determine whether 
an endoleak is present at the time of the original surgery or if an 
endoleak has been adequately treated if it has been approached 
through direct sac puncture. In an ex vivo model of endoleaks, 
Parodi et al.67 evaluated pressure changes in the aortic sac with 
various types and sizes of endoleaks. In this model, sac pressures 
were significantly higher than systemic pressures in the presence 
of all endoleaks. This obviously places the aneurysm at significant 
risk for rupture. Presence of patent side branches significantly 
reduced the pressure within the sac, particularly the mean pres-
sure and diastolic pressure. Clinically, persistent side branches aug-
ment the development of type 2 endoleaks and influence early 
sac behavior.68,69 Gawenda et al.70 evaluated the use of sac pressure 
monitoring and found it helpful in the detection and treatment of 
endoleaks. They noted, however, that intrasac pressure measure-
ments did not correlate with AAA size change over ensuing follow-
up. This may be an effective modality for monitoring aneurysms 
after endograft exclusion once less invasive methods of pressure 
measurement are developed.

Structural Failure
Material failure represents one of the most concerning problems 
for potential failure of endograft placement. This is a difficult event 
to identify because patients are often asymptomatic and may not 
present with any acute changes in their endograft evaluation. Three 
modes of structural failure have been described in aortic endograft-
ing and involve fabric erosion, suture disruption, and metal fracture.71

Development of endoleaks secondary to graft erosion has been 
documented with some first-generation endograft devices72,73 
(Fig. 40-7). It has been speculated that the areas of graft erosion 
are secondary to friction between the stent material and the fab-
ric, which can be confounded by pulsation of the aorta. Predicting 
the incidence of fabric fatigue is difficult, and although this does 
occur in grafts placed by conventional open aneurysm repair, it 
occurs much more rapidly and more commonly in the endograft 
systems.74,75 In several device designs, the graft fabric is attached to 
the metal skeleton through the use of sutures. Disruption of these 
sutures is believed to explain graft failure in some instances.76–78 The 
mechanism for suture failure is believed to be the same as for fabric 
erosion—namely, motion of the stents with aortic pulsations causes 
friction and wear of the sutures, with subsequent suture fracture.

The most common structural problem identified in aortic endo-
graft systems has been metallic stent fractures.75 Stent and hook 

fractures in the phase 1 trial of the Endovascular Technologie's graft 
resulted in suspension of the program and redesign of the metal-
lic attachment system.79 In a review of 686 patients who underwent 
endovascular aneurysm repair, Jacobs et al. identified 60 patients 
who had material failure.75 Forty-three (72%) of these failures were 
due to metallic stent fractures and occurred in various different 
endografts with different stent composition. The cause of metal 
failure has been attributed to stress fatigue and metal corrosion, 
particularly in nitinol stents.80 Corrosion has not been seen in next-
generation endografts and may reflect improved nitinol process-
ing.81–83 Tortuosity of the arterial system can also stress the stent 
graft system and lead to metal fracture. This has been reported in 
the longitudinal bar of the Talent and Gore stent graft devices.75

Limb Thrombosis
Endograft limb thrombosis after endovascular repair of infra-
renal AAA is a recognized complication occurring in up to 11% 
of patients.84–90 Various underlying factors have been purported to 
place patients at increased risk for limb thrombosis. One reported 
risk factor is the lack of device support. Although Carroccio et al.85 
reported on the results of 351 bifurcated grafts with no significant 
association between use of unsupported devices and graft throm-
bosis, others have suggested there is a significant relationship. Baum 
et al.91 specifically evaluated the rates of graft limb kinking and 
thrombosis between supported and unsupported abdominal aor-
tic stent grafts. In total, 12% of the limbs in their series required an 
intervention for kinking. In the supported limbs, 5% required subse-
quent placement of arterial stents; 2% required these for evidence of 
kinking at the time of the initial operation, and 3% required stenting 
in the postoperative period after the patients presented with limb 
thrombosis. In the unsupported grafts, there was an intervention rate 
of 44%. About half of these had an additional stent placed at the time 
of the initial procedure, and the  remainder had a subsequent stent 
placed in the postoperative follow-up period, owing to limb throm-
bosis or severe stenosis.

FIGURE 40-7 Angiogram revealing a type 3 endoleak that developed 
at site of a tear in graft fabric. This was a “homemade” aorto-uniiliac graft that 
had been in place for approximately 5 years. Patient presented with new-onset 
abdominal pain and had a computed tomography (CT) scan that revealed an 
aneurysm sac that had significantly expanded in diameter. Tear was sealed by 
placement of a new endograft.
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Another factor increasing the risk of limb thrombosis is 
 oversizing of the iliac limb. Oversizing causes the graft mate-
rial to have a significant amount of infolding, reducing the intra-
luminal dia meter.87 Along these lines, significant intraluminal 
vessel narrowing from underlying atherosclerotic disease or tor-
tuosity can result in flow abnormalities and eventually cause 
graft limb thrombosis.91 Extension of the graft limb into the EIA 
has also been described as a risk factor for developing limb 
thrombosis.85 It was believed that transition into the EIA caused 
both a significant reduction in arterial diameter and a kink in  
the graft due to acute angulation of the limb as it passed through 
the pelvis. Damage to the distal iliac or femoral artery, such as dis-
section during graft placement, can subsequently cause outflow 
obstruction and graft limb thrombosis.84

Management of patients presenting with limb thrombosis 
depends on the severity of the patient's symptoms. In the series 
by Carroccio et al.,85 nearly a third of the patients presenting with 
symptoms had such mild symptoms that no intervention was 
required. Most patients, however, underwent a femoral-femoral 
bypass to restore flow to the affected extremity. Few patients are 
successfully treated with thrombolysis or graft thrombectomy fol-
lowed by endovascular repair of the underlying problem. In most 
series, patients with limb problems generally present early, within 
the first 6 months following endograft repair.84,91–95 In fact, Sampram 
et al.93 reported that no limb occlusions presented after 30 months 
of follow-up.

Migration
Distal stent graft migration after abdominal aortic endografting has 
been reported to occur in 9% to 45% of patients.61,96–99 Migration 
certainly has been identified as a risk for development of a type 
1 endoleak and delayed aneurysm rupture or late conversion to 
open repair. The pathophysiology behind aortic endograft migra-
tion is complex, and various factors contribute to its occurrence.100 
A number of forces are at play within the aortic endograft, but 
blood flow acts as the main displacing force. As the tube of the aor-
tic graft curves, there is a change in the velocity of the blood, result-
ing in an increased displacement force. For many endografts, the 
forces providing protection against migration are friction forces of 
the graft against the aortic wall and the columnar strength of the 
graft. The friction forces depend on the apposition of the graft fab-
ric and the aortic wall and obviously can be affected by aortic wall 
composition (thrombus, calcifications), size of the aorta, radial 
force of the stent, and the nature of the graft fabric. It has been sug-
gested that the presence of barbs or hooks in the proximal portion 
of the stent graft may provide additional protection.101

The infrarenal aortic neck length and its maximum diameter, 
shape, and angulation have all been implicated as causes of stent 
graft migration.96,102,103 All of these work to decrease the friction 
between the stent graft and aortic wall. Albertini et al.102 evaluated 
the development of proximal perigraft endograft leak and device 
migration following endovascular aneurysm repair. Fifteen patients 
had graft migration, and 31 of 184 repairs developed a proximal 
endoleak. Neck angulation was the only factor found to be sig-
nificant in the development of device migration, whereas neck 
angulation and neck diameter were the two factors important in 
developing a proximal perigraft endoleak.102 Lee et al.,104 however, 
were unable to identify any specific anatomical correlate and 
device migration. They did observe that any device that migrated 
distally by more than 1 cm subsequently required an intervention.

Other hypotheses as to the cause of device migration have 
focused on morphological changes in the aneurysm and aortic 
neck after endovascular AAA repair. Specifically, aortic neck dila-
tion, longitudinal sac shrinkage, and graft shortening have been 
described.96,97,105,106 One of the more widely accepted hypotheses is 
aortic neck dilation following aortic endografting. After endovas-
cular aneurysm repair, the aneurysm neck has been documented 
to dilate significantly, mostly in the first 2 years after graft place-
ment.107 In a review by Cao et al.,99 17 (15%) of 148 patients had 

an episode of device migration. The only two independent risk  
factors for device migration were neck dilation postoperatively 
and an AAA diameter of greater than 55 mm. Others have argued 
that neck dilation is not a significant event, provided adequate 
graft oversizing was performed at initial endograft placement.104 
The amount the aortic neck dilated did not exceed the size of the 
original aortic endograft placed. Larger aneurysms have also been 
noted to have increased risks of developing type 1 endoleak, graft 
migration, and the subsequent need for open surgical conversion 
compared with larger aneurysms.108

Outcomes
Results of Aortic Endografting
Endovascular AAA repair generally has a low mortality rate (1%-3%) 
compared to open repair, and subsequent rates of aneurysm rup-
ture after endovascular repair are reduced to 1% per year.56,61,93,109 
Endograft placement is not free of adverse events, however, and 
there is frequent need for secondary interventions. Naslund et al.110 
reported technical complications in 26% of 34 endografts placed. 
Fairman et al. evaluated the occurrence of critical events during 
deployment of their initial 75 endografts, and patients were divided 
into three groups corresponding to the time period in which the 
graft was placed.94 Critical events were defined as unanticipated 
technical difficulties that occurred during the course of operation 
that threatened the success of the procedure. Difficulty in obtain-
ing access occurred in nearly one quarter of all patients. Although 
it would be expected that the latter 25 patients should not have 
experienced as great a difficulty in obtaining access, these patients 
had increased complexity of their aortoiliac anatomy compared 
with endograft patients earlier in their experience. This group had 
a greater frequency of iliac artery balloon angioplasty, as well as 
the use of iliac artery conduits. Deployment difficulties existed and 
were composed mostly of graft foreshortening, necessitating the 
placement of additional distal covered extensions. Other deploy-
ment issues encountered included suprarenal graft displacement, 
infrarenal graft displacement, and device-related issues such as 
iliac limb kinking or twisting. Malplacement of the graft did not 
correlate with anatomical complexity.

The need for subsequent secondary procedures has been eval-
uated by several large series of patients who had an abdominal 
aortic endograft placed.88,93,111,112 The Eurostar registry reported the 
results of 1023 patients with a follow-up of 12 months or longer.111 
Overall, 186 (18%) patients required a secondary intervention. The 
majority of these interventions (76%) involved a transfemoral pro-
cedure, whereas the remaining patients required transabdominal 
(12%) or extra-anatomical (11%) surgery. The rates of freedom from 
intervention at 1, 3, and 4 years were 89%, 67%, and 62%, respectively. 
The transfemoral procedures performed most frequently were aor-
tic or iliac limb extension for graft migration or endoleak. Late 
death was more frequent in those patients requiring a secondary 
intervention resulting in a 3-year cumulative survival of 85%, which 
is lower than the 90% rate (P <0.05) observed in those that did not 
require reintervention. In addition, death was more frequently asso-
ciated with those requiring a transabdominal procedure.

The Montefiore Medical Center and the Cleveland Clinic 
Foundation have published their single-institution results on the 
durability of aortic endografting. Montefiore reported on 239 endo-
grafts placed over 9 years, with a technical success rate of 88.7%.88 
The 5-year survival rate in this group was only 37%. Secondary inter-
ventions were required in 10% of the patients, with more than half 
of the secondary procedures being performed for presence of an 
endoleak. Sampram et al.93 reported the results from the Cleveland 
Clinic Foundation on 703 patients undergoing endovascular aortic 
endografting, with follow-up averaging 1 year. Survival in this group 
was 90% at 1 year and declined to 70% at 3 years. Overall, 128 second-
ary interventions were performed in 105 patients (15%). Freedom 
from intervention mirrored that of the Eurostar registry, with free-
dom from intervention rates of 88%, 76%, and 65% at 1, 2, and  
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3 years, respectively. Mortality related to the secondary  procedure 
was 8% but rose to 18% in those requiring a transabdominal proce-
dure. Univariate analysis revealed that secondary procedures were 
more common in patients with larger major and minor sac axes, in 
patients who received a large aortic stent because of a proximal 
endoleak present at initial aneurysm repair, and in patients who 
received treatment later in the course of the review. This last find-
ing is felt to be secondary to the increased complexity of cases 
approached in an endovascular fashion.

The Cleveland Clinic Foundation review included the use of six 
different devices, which included two Zenith grafts—one that was 
part of the multicenter national trial and one group that was part of 
a sponsor-investigator investigational device exemption trial.25 The 
overall freedom from risk of rupture was 98.7% at 2 years. Results of 
this review reveal that there are significant differences in outcomes 
between groups with different endovascular devices, in particular 
with regard to limb occlusion and rate of endoleak. Limb occlu-
sion occurred most frequently with the Ancure device, at a rate 
of 11% at 2 years. Endoleak of any kind was most common with 
the Excluder device, at a rate of 64% at 1 year. Modular separations 
were the most frequent with the Zenith graft at 3.5%. Aneurysm sac 
shrinkage correlated inversely with the frequency of endo leaks, 
and aneurysm sac shrinkage was most common in the Zenith 
and Talent groups but least common in the Excluder group. There 
were no differences with regard to rate of secondary procedures, 
conversion to open repair, or migration. Sternbergh et al.113 have 
reported similar findings. Outcomes were compared between the 
Zenith device and the AneuRx device, and it was determined that 
the Zenith graft was associated with fewer endoleaks and a higher 
rate and amount of aneurysm sac shrinkage. Bertges et al.114 also 
reported similar findings in their evaluation. Regression of AAA 
size after endograft placement was more significant after place-
ment of the Talent and Ancure endografts than with the AneuRx 
or Excluder devices. During the first 2 years of follow-up, the initial 
size of the AAA, presence of an endoleak, and type of graft used 
were significant predictors of sac shrinkage. After 2 years, however, 
only graft type was significant. Ouriel et al.108 have additionally con-
cluded that the outcome after endovascular AAA repair depends 
on the initial size of the aneurysm.

Comparison with Open Surgery
Endovascular AAA repair has been shown to be associated with 
lower postoperative morbidity, shorter length of hospital stay, and 
quicker return to normal function.115 Direct comparison to open 
surgery utilizing randomized prospective trials, however, has only 
recently been available for evaluation. There have been three ran-
domized prospective trials evaluating the use of EVAR compared 
with open surgery. The EVAR-1 trial enrolled 1082 patients with AAA 
who were healthy enough to be suitable candidates for surgery.115 
They were randomized to either EVAR or open repair. Results from 
this trial demonstrated that the 30-day mortality rate was lower 
after EVAR (1.7%) than open surgery (4.7%, P <0.0001). At 4-years 
follow-up, the aneurysm-related mortality rate in the EVAR group 
was half that in the open group (P = 0.04), but there was no differ-
ence in all-cause mortality (26% for the EVAR group and 29% for 
the open group). The Dutch Randomized Endovascular Aneurysm 
Management (DREAM) trial was a prospective randomized trial 
that enrolled 351 patients. As in EVAR-1, the 30-day mortality rate 
was lower in patients who underwent endovascular repair than in 
those who underwent open surgical reconstruction, but the 2-year 
outcomes were similar between the two groups. In addition, the 
results of the Open versus Endovascular Repair (OVER) Veterans 
Affairs Cooperative Study Group results have been reported.116 In 
this trial, 881 patients suitable for open or EVAR were randomized 
to one of the two surgical techniques. As with the other two trials, 
30-day mortality was lower in the EVAR arm (0.5%) than the open 
surgery arm (3.0%, P = 0.004). This difference, however, resolved by 
2-year follow-up time points (7.0% vs. 9.8%, respectively). Patients 
undergoing EVAR had shorter hospital stays, shorter operative 

durations, and required fewer blood transfusions, but they had 
increased exposure to fluoroscopy and contrast. Given its promis-
ing initial results, it is not surprising EVAR has become increasingly 
popular with both patients and providers over the past decade.

One of the most controversial aspects of AAA repair, how-
ever, is when to perform EVAR and when to perform conven-
tional open surgery. Open surgical repair of AAA has long been 
considered the gold standard, and there is evidence this option 
provides good long-term durability.117,118 Endovascular AAA 
repair however, given its young age, does not have similar time-
tested outcomes data. Recently, longer-term outcomes from both 
EVAR-1 and DREAM have been reported.30,119 For EVAR-1,30 the 
median follow-up was 6 years (range, 5-10 years), and at follow-
up, the overall aneurysm-related mortality was 1.0 deaths per 
100 person-years in the EVAR group and 1.2 deaths per 100 per-
son-years in the open repair group (P = 0.73). All-cause mortality 
was 7.2 deaths per 100 person-years (EVAR) and 7.1 deaths per 
100 person-years (open surgery). Graft-related complication rates 
were higher in the EVAR group (12.6 per 100 person-years) com-
pared to the open surgical arm (2.5 per 100 person-years; P < 
0.001), and significantly more patients in the EVAR group required 
reintervention (5.1 per 100 person-years vs. 1.7 per 100 person-
years; P <0.001). In fact, new graft-related complications and  
reinterventions were reported for as long as 8 years following EVAR. 
For DREAM,119 at a median follow-up of 6.4 years (5.1-8.2 years), 
cumulative survival rates were 69.9% for open repair and 68.9% for 
EVAR. The cumulative rates of freedom from secondary interven-
tions were 81.9% for the open repair group and 70.4% for EVAR (P 
= 0.03). Based on these data, it is clear that EVAR is not without its 
drawbacks. These factors may change as the technology improves 
and we gain a better understanding of the long-term implications 
of placing an endovascular graft in the aorta.

Initial applications of EVAR were geared toward patients con-
sidered high risk for conventional surgery, but this concept has 
come under some scrutiny after the results of the EVAR-2 trial.120 
In this trial, the outcomes of 404 patients with large AAAs (≥5.5 cm 
in diameter) who were considered to be physically ineligible 
for open repair were evaluated. Of this cohort, 197 patients were 
assigned to undergo endovascular repair, while 207 were assigned 
to have no intervention. The 30-day operative mortality rate for the 
EVAR group was 7.3%, and the overall rate of aneurysm rupture in 
the observation group was 12.4 per 100 person years. Aneurysm-
related mortality was lower in the endovascular repair group, but 
this did not provide an advantage when evaluating all-cause mor-
tality, and during follow-up, EVAR required a considerable increase 
in expense. These results called into question the appropriateness 
of using EVAR in high-risk patients. The results, however, have been 
refuted by others demonstrating lower rates of perioperative mor-
tality and better long-term survivals in these high-risk patients.121 
These improved outcomes are likely due to an aggressive multi-
disciplinary approach to managing these patients’ comorbidities.

Other Considerations
EVAR for Small Abdominal Aortic Aneurysms
Randomized prospective trials have demonstrated that there is 
no benefit to open repair of AAA for aneurysms that are less than 
5.5 cm in diameter.122,123 Operative mortality rates of 2.7% and 5.8% 
in these two trials raised the question of whether a procedure  
with lower operative mortality might provide benefit compared 
with observation in patients with smaller AAA. The Positive Impact 
of Endovascular Options for Treating Aneurysms Early (PIVOTAL) 
trial sought to evaluate whether endovascular repair of small AAA 
(4-5 cm) might provide a survival advantage compared with sur-
veillance.124 In this trial, 728 patients were randomly assigned to 
either EVAR (n = 366) or ultrasound surveillance (n = 362). Of the 
patients randomized to EVAR, 89% underwent repair, and of those 
assigned to surveillance, 31% subsequently underwent repair dur-
ing the course of the study (mean follow-up 20 ± 12 months, range 
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0-41 months). The unadjusted hazard ratio (95% confidence inter-
val [CI]) for mortality after EVAR was 1.01 (0.49-2.07; P = 0.98), with 
15 deaths (4.1%) occurring in each group. No survival advantage 
was demonstrated with EVAR.

Endovascular Treatment of Ruptured Abdominal 
Aortic Aneurysms
With the widespread application of EVAR for repair of AAA, its use 
in the repair of ruptured AAA has similarly expanded. Initially there 
were several limitations to the application of this technology to 
treat the devastating problem of ruptured AAA: (1) unavailability 
of preoperative CT in patients with ruptured AAA, (2) unavailabil-
ity of a dedicated operating room and ancillary staff equipped to 
perform emergent EVAR at all times, (3) unavailability of off-the-
shelf stent grafts; and (4) lack of data from multicenter random-
ized trials.125 Many large-volume centers, however, have developed 
protocols that allow treatment teams to overcome these hurdles 
and provide emergent care for ruptured AAA with endovascular 
devices.125–128 Gerassimidis et al.126 reported on the treatment of 69 
patients with a ruptured AAA. Of these, 42 patients (63%) were suit-
able for EVAR. The in-hospital and 30-day mortality rates were 36% 
and 41%, respectively. Veith et al.128 reported the worldwide expe-
rience with treating ruptured AAA with endovascular grafts. Data 
were collected from 49 centers at which 1037 patients were treated 
with EVAR for ruptured AAA. Overall 30-day mortality was 21%, 
which was significantly lower than the 30-day mortality rate for the 
763 patients undergoing open repair (36%, P < 0.001) for ruptured 
AAA at these same institutions during the same time period. Given 
these experiences, there is a trend toward even more centers insti-
tuting a program of EVAR for ruptured AAA. Certainly, longer-term 
follow-up and larger series will be required to assess whether EVAR 
has ultimately affected outcomes from ruptured AAA.

Fenestrated and Branched Aortic Endografts
The most common reason for excluding patients from EVAR is lack 
of a suitable proximal implantation site between the renal arter-
ies and the aneurysm. Although commercially available devices 
provide a mechanism for supplementing fixation within the supra-
renal aorta without detrimentally affecting renal function,129 such 
a practice has not been advocated to treat juxtarenal aneurysms. 
Despite evidence of short-term success with treatment of short 
necks with devices intended to treat infrarenal aneurysms,130 the 
risk of later failure remains high.131 To overcome this, fenestrated 
stent graft technology was developed. The devices used currently 
are hybrids of original abdominal devices. The primary goal of 
treating an aneurysm with a fenestrated graft is to move the seal-
ing and fixation region of the repair into healthy aorta with a par-
allel neck and without wall defects. A fenestration (hole in the 
graft) allows the stent graft to occupy this more proximal location 
while providing for transgraft flow to the renal arteries (or other 
significant branches) (Fig. 40-8). It is designed to incorporate the 
minimum number of visceral vessels required to achieve fixation 

and seal within healthy aorta. The fenestrations are constructed to 
match the ostial diameter of the visceral vessels and maximize the 
sealing zone. Several large series of fenestrated endograft deploy-
ments have been reported, demonstrating the midterm safety and 
efficacy of fenestrated stent grafting.132–134 One of the largest series 
is reported by O'Neill et al.132 They outline a series of 119 patients 
with mean follow-up of 19 months. There was only one periopera-
tive death, and survival at 12, 24, and 36 months was 92%, 83%, and 
79%, respectively. The 30-day endoleak rate was 10%, and all endo-
leaks were type II in nature. Regression of the aneurysm sac was 
noted in 79% of the patients by 12 months. Complications related to 
the renal arteries was noted in 10 of the 231 stented renal arteries, 
and only one patient who did not have significant renal dysfunc-
tion preoperatively went on to require dialysis. Incorporation of the 
renal arteries raises questions about the effect of fenestrated stent 
graft repair on long-term renal function.

Application of fenestrated technology has advanced to allow for 
the treatment of thoracoabdominal aortic aneurysms (TAAA) in 
which the aneurysm involves the renal and visceral vessels. When 
treating TAAA with an endograft, however, use of a simple fenestra-
tion is inadequate. Unlike fenestrated grafts where a hole in the graft 
suffices, in more complex aneurysms such as TAAA, the branch 
arteries arise from the aneurysm. In this scenario, blood flow has 
to be carried from the endograft, across the aneurysm, and to the 
target vessel, without extravasation into the aneurysm (Fig. 40-9). 
There are two modes by which this can be assured. The first is the 
fenestrated branched stent graft135 or reinforced fenestrated graft136 
(see Fig. 40-8). In this style, the addition of a covered bridging stents 
converts a fenestrated stent graft into a form of branched stent 
graft.137 Sealing between the covered stent and the fenestration is 
tenuous because there is very limited overlap of material. A nitinol 
ring is added to the fenestration to reinforce the site of interaction 
between the covered stent and the fenestration. These are termed 
reinforced fenestrations. The second mode of branched graft design 
is the cuffed branched stent graft138 or directional branched stent 
graft136 (see Fig. 40-8). The cuff or branch creates an overlap zone 
between the stent graft and the branch artery. It provides a segment 
of overlap that can be used to provide better sealing and fixation 
than the thin joint between a reinforced fenestration and mating 
visceral stent graft. A longer overlap affords one the ability to use 
a self-expanding stent graft rather than a balloon-expandable stent 
graft. This may provide a means to better accommodate tortuosity 
and diameter discrepancies and may limit type 1 endoleaks and 
component separation from this region.

Investigators tend to pool results of fenestrated branch grafts 
and cuffed branched grafts, with few series containing significant 
numbers of patients.139–145 The largest single-center experience 
has been reported by the Cleveland Clinic. Greenberg et al.143 
performed a retrospective analysis on patients who underwent 
elective open surgical repair (N = 372) or endovascular repair  
(N = 352) of descending thoracic or thoracoabdominal aortic aneu-
rysms. The group of patients treated with endovascular repair was 
older and had more comorbid conditions than those undergoing 
open repair. Open repair, however, was more frequently applied  

A B C D

FIGURE 40-8 A, Example of endograft with fenestration (arrow) within endograft body to accommodate a renal artery. B, Reinforced fenestration (arrow) that 
allows for placement of (C) covered stent graft, creating a form of a branched endograft for treatment of a thoracoabdominal aortic aneurysm (TAAA). D, True 
directional branch (arrow) used to allow for continued flow to a visceral vessel when treating thoracoabdominal aortic aneurysm.
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to patients with type II or type III aneurysms and those that were 
associated with a chronic dissection. Despite the differences in 
patient age and comorbid conditions, mortality rates at 30 days 
(5.7% vs. 8.3%) and 12 months (15.6% vs. 15.9%) were not different 
between endovascular repair and surgical repair, nor was there a 
difference in the development of spinal cord ischemia (4% vs. 8%, 
respectively; P = 0.08). Bakoyiannis et al. performed a meta-analysis  
of all English language literature published between 2000 and 
2009 on endovascular procedures using fenestrated and/or 
branched technology.145 The results of this analysis demonstrated 
that complex endografting can be performed with a technical suc-
cess rate of 94%, with a 30-day mortality of 7%. Typically these pro-
cedures were performed in patients who were deemed high risk 
for conventional surgery.  The 1-year mortality was 1.3%. The appli-
cation of fenestrated and branched technology is very much in 
its infancy. As the technology progresses, we will be able to better  
discern who will best benefit from these procedures, and ulti-
mately replace open surgery with this less invasive option.

Summary
Abdominal aortic endografting provides a less invasive method 
of treating AAA. It provides a beneficial way of treating aneu-
rysms in patients who are at high risk for conventional open sur-
gical repair, and results of randomized trials suggest, at least in 
the short-term, it provides clinical equipoise with conventional 
surgery. The durability of this procedure is still under evaluation. 
It is likely, however, that the application of endovascular technol-
ogy will replace current open surgical options, and ultimately the 
entire aortic tree will be treated with endovascular options.
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C H A P T E R  41  Overview of Vasculitis
Peter A. Merkel

The vasculitides are a group of rare diseases linked by the patho-
logical consequences of vascular inflammation, including bleeding, 
ischemia, and infarction of downstream organs (Box 41-1). However, 
the clinical spectrum of these diseases is wide ranging and includes 
a myriad of clinical and pathological findings. Not all disease phe-
notypes that occur in the vasculitides are due to true “vasculitis”  
(i.e., inflammation of vascular structures). Some damage in vasculi-
tis is due to nonvascular inflammation. For example, arthritis, uveitis, 
and pulmonary nodules are parts of different vasculitides but are not 
due to interruption of vascular flow. The pathophysiology of vasculi-
tis is covered in Chapter 9 and in individual chapters on Takayasu's 
arteritis (TA) (Chapter 42), giant cell arteritis (GCA; Chapter 43), and 
Kawasaki disease (Chapter 45).

The diseases outlined in this chapter are rare, and all are consid-
ered “orphan” diseases, with fewer than 200,000 cases in the United 
States at any time. As with most rare diseases, few well- controlled 
clinical treatment trials have been performed for this group of dis-
orders. Much of the clinical investigation stems from studies of 
patient cohorts at large referral centers. In the past 2 decades, how-
ever, increasing international cooperation among vasculitis centers 
has resulted in several important randomized controlled treatment 
trials that have had significant impacts on the care and manage-
ment of patients with vasculitis. Similarly, advances in diagnostic 
imaging and laboratory testing have improved clinicians’ ability to 
diagnose and evaluate patients with vasculitis.

This chapter reviews the major types of vasculitis, discusses eval-
uation of suspected cases of vasculitis, and outlines approaches to 
treatment and management of these disorders. There is a focus on dif-
ferentiating inflammatory from noninflammatory disease as it relates 
to the types of patients physicians specializing in vascular medicine 
are likely to encounter in a consultative practice (Table 41-1). The 
newest advances in diagnosis and treatment are also reviewed briefly.

Classification of Vasculitis
The classification and nomenclature of vasculitis can be unnec-
essarily confusing.  The most important first step in approach-
ing these disorders is for clinicians to consider the possibility 
of “some sort of vasculitis” and, once clinical proof is found, to 
narrow down the specific type. Nevertheless, knowledge of the 
classification criteria is quite useful when considering treat-
ment and clinical follow-up. Establishing a treatment plan 
for a case of vasculitis relies on both an understanding of the 
prognosis of a specific type and applying results of clinical tri-
als that always include patients who meet specific classifi-
cation criteria. For example, a patient with arthritis, purpura, 
and abdominal pain might well be treated with glucocorti-
coids alone if believed to have Henoch-Schönlein Purpura 
HSP, but would also receive an additional immunosuppres-
sive drug (e.g., methotrexate, cyclophosphamide) if determined 
to have granulomatosis with polyangiitis (GPA [Wegener's]). 
Similarly, the nature of  follow-up  visits, examinations, and sub-
sequent evaluations are also heavily influenced by the specific 

type of  vasculitis. For example, new-onset hemoptysis in a patient 
believed to be in remission after treatment for GCA would be 
concerning for infection or malignancy, whereas the same find-
ing in a patient with GPA would usually prompt immediate rein-
stitution of high-dose glucocorticoids to treat potential alveolar 
hemorrhage while further evaluations, including for infection, are 
put in place.

Two major classification systems for vasculitis exist: the American 
College of Rheumatology (ACR) system1 and the Chapel Hill 
Consensus Conference definitions.2 These systems were not meant 
to be strictly diagnostic systems, but rather classification systems. 
These are definitions to apply to established vasculitis and differ-
entiate one vasculitis from another. The main use of these systems 
has been for clinical trials and other types of clinical research. 
Nevertheless, these systems have been adapted for use by clini-
cians as helpful guides to practice. Not all types of vasculitis are 
included in the ACR or Chapel Hill systems; both are currently 
undergoing reevaluation and revision.3

The practice of differentiating among the inflammatory vasculi-
tides by associated diagnostic antibodies is at this time limited to 
use of antineutrophil cytoplasmic antibodies (ANCAs). Specifically, 
many authors refer to ANCA-associated vasculitis, which includes 
GPA, microscopic polyangiitis (MPA), renal-limited pauci-immune 
glomerulonephritis, and the Churg-Strauss' syndrome (CSS). 
Although it is convenient to refer to these related diseases as “ANCA-
associated” vasculitis, it is important to realize that patients may have 
any of these diseases and still test negative for the presence of ANCA.

Perhaps the simplest method of sorting out the vasculitides, albeit 
also incomplete and not fully accurate, is to list them according to 
the size of artery (predominantly but not necessarily exclusively) 
involved (see Box 41-1). This results in considering small-vessel, 
medium-vessel, and large-vessel vasculitides. This system, although 
not applied for clinical trials or even clinically for treatment 
 purposes, is an easy one to use as a first approach to describing  
the diseases and their major manifestations, and is used to outline the 
descriptions of the vasculitides in this chapter. However, when spe-
cific diseases and results of treatment trials are mentioned, the ACR 
and Chapel Hill Consensus systems are applied.

Large-Vessel Vasculitis
The large-vessel vasculitides are disorders in which the aorta and 
its main branches are affected, including the subclavian, carotid, 
vertebral, renal, mesenteric, and iliac arteries4 (Fig. 41-1). Because 
such vessels are so frequently involved in noninflammatory vas-
cular diseases, and patients with these diseases are frequently 
encountered by specialists in vascular medicine, these disorders 
are particularly highlighted in this textbook. Also included are indi-
vidual chapters on TA (Chapter 42), giant cell (temporal) arteritis 
(Chapter 43), and Kawasaki disease (Chapter 45). The vasculitides 
involving large arteries are briefly described in this section, but it 
is important to realize that many of them also involve smaller-sized 
vessels.

VASCULITIS
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Giant Cell Arteritis
Giant-cell arteritis, also commonly known as temporal arteritis and 
described in detail in Chapter 43, is the most common of the idio-
pathic vasculitides.4,5 Giant-cell arteritis affects men and women 
aged 50 and older but is especially prevalent after age 70. Many 
vascular and systemic manifestations are seen in this disease. 
Vascular disease occurs in the aorta and its branches, with predilec-
tion for the branches of the carotid arteries, especially the ophthal-
mic artery, with resulting headaches, jaw claudication, and visual 
impairment. Rapid-onset irreversible monocular blindness is the 
most feared complication, but stroke, limb ischemia, and aortic dis-
ease can occur, the latter more common than generally appreci-
ated, especially several years after the initial presentation. Common 
systemic manifestations include fever, anemia, proximal arthralgias 
(polymyalgia rheumatica), and fatigue. Diagnosis is often estab-
lished on finding arteritis on temporal artery biopsy, but this is not 
required for a diagnosis. Elevated acute phase reactants are seen 
in 90% of cases. Treatment with high-dose glucocorticoids is highly 
effective but often results in significant drug-related morbidity.

Takayasu's Arteritis
Takayasu's arteritis, described in detail in Chapter 42, is a vasculi-
tis that involves the aorta and all its major branches and the pul-
monary arteries, including but not limited to the brachiocephalic, 
carotid, vertebral, subclavian, renal, femoral, and coronary arteries.  
This disease often results in stenoses, occlusions, and ischemic 
damage to end organs and limbs.4,6 Stroke, myocardial infarction 
(MI), limb claudication, and severe renovascular hypertension are 
all complications well known to occur in this disease. It is mostly 
seen in women and usually first presents clinically in the second 
or third decade, but it can occur at older ages. Many patients have 
associated systemic symptoms of fever, arthralgias, and malaise.  The 

disease has a waxing and waning course, and delay in diagnosis is 
common. Treatment involves glucocorticoids in almost all patients 
and often the addition of immunosuppressive medications. Surgical 
bypass procedures may be necessary in some cases.

Behçet's Disease
Behçet's disease is a systemic inflammatory disease with multi-
ple mucocutaneous manifestations, especially including genital 
and oral ulcers and often severe sight-threatening inflammatory 
eye disease.7 Arthritis, gastrointestinal disease (including mucosal 
lesions), epididymitis, and secondary amyloidosis can also occur. 
Although its prevalence is markedly increased in countries in the 
Eastern Mediterranean, Middle East, and East Asia and descen-
dents of people from these regions, Behçet's disease is found in 
populations worldwide.

Vasculitis occurs in up to one third of patients with Behçet's dis-
ease and is unique among the inflammatory vasculitides for the 
relatively common clinical involvement of venous disease. Both 
arterial and venous manifestations may occur in the same patients. 
Venous involvement includes superficial phlebitis, varices, and 
thromboses of deep veins, vena cava, cerebral sinuses, and other 
major veins.

The arterial lesions in Behçet's disease are often in large ves-
sels and frequently result in aneurysms, stenoses, or rupture. The 
most common sites of arteritis are the aorta and its branches and 
the pulmonary arteries; however, Behçet's disease may also involve 
medium and small vessels.

Behçet's disease can involve a huge range of different types of 
histopathologies, consistent with the protean disease manifesta-
tions. The oral and genital ulcers do not have specific pathogno-
monic features. Similarly, biopsy specimens of the gastrointestinal 
lesions cannot differentiate Behçet's disease from inflammatory 
bowel disease. Although the vascular lesions can include large and 
small arteries as well as veins, these lesions are similar to those of 
other vasculitides.

Treatment of Behçet's disease varies with the manifestation being 
addressed and may range from colchicine and topical glucocorti-
coids for aphthous ulcers to large doses of glucocorticoids for many 
problems including mucocutaneous, vascular, and eye lesions. The 
uveitis is treated with long-term immunosuppressive agents, includ-
ing cyclosporine, azathioprine, chlorambucil, and cyclophospha-
mide. Inhibitors of tumor necrosis factor (TNF)-α are now also used 
to treat this disorder. Many treatment protocols are based on expert 
opinion, but in recent years an increasing number of controlled 
clinical trials have been performed, especially involving eye dis-
ease. Behçet's disease can be a highly aggressive form of vasculitis 
that frequently results in significant morbidity and mortality.

Relapsing Polychondritis
Relapsing polychondritis is a rare connective tissue disease that 
predominantly affects the cartilaginous structures of the eyes, ears, 
nose, and subglottis/trachea, but may also affect a wide variety of 
other organ systems and is associated with vasculitis, especially 
of large vessels.8 The cardinal feature of polychondritis is auricu-
litis, inflammation of the outer ear, usually sparing the noncarti-
laginous lobe. Auriculitis, which is also a feature of GPA and CSS 
but virtually of no other diseases, is readily treated with glucocor-
ticoids and can result in disfigurement if allowed to go untreated. 
Other common manifestations include inflammatory eye disease 
that can lead to blindness, destruction of nasal cartilage leading 
to internal derangement and external disfigurement, sensorineu-
ral hearing loss and vertigo, arthritis, and subglottic inflammation 
with resulting stenosis, a life-threatening condition. Each of these 
features can also be seen in GPA, although auriculitis is rare in this 
disease, and relapsing polychondritis is not associated with paren-
chymal pulmonary manifestations.

The vasculitis seen in relapsing polychondritis can affect vessels 
of any size, but large-vessel vasculitis is the most common. Aortitis 

Large Vessel
GCA
TA
Behçet's disease
Relapsing polychondritis
Cogan's syndrome
Aortitis associated with spondyloarthropathies
Retroperitoneal fibrosis
Idiopathic aortitis

Medium Vessel
PAN
GPA (Wegener's)
MPA
CSS
Kawasaki disease

Small Vessel
HSP
CV
Primary angiitis of the CNS
Anti-GBM Disease
Goodpasture's syndrome
Rheumatoid arthritis (rheumatoid vasculitis)
Sjögren's syndrome
SLE
Systemic sclerosis (scleroderma)
Drug-induced vasculitis

Box 41-1  Classification of Vasculitis* by 
Predominant Size of Vessel Involvement

*Most of these diseases can involve vessels of varying sizes but are listed here by the size of the 
most commonly affected arteries for convenience purposes. This is not an exhaustive list of 
vasculitides.
CNS, central nervous system; CSS, Churg-Strauss' syndrome; CV; cryoglobulinemic vasculitis; 
GBM, glomerular basement membrane; GCA, giant-cell arteritis; GPA, granulomatosis 
with polyangiitis; HSP, Henoch-Schönlein purpura; MPA, microscopic polyangiitis; PAN, 
polyarteritis nodosa; SLE, systemic lupus erythematosus; TA, Takayasu's arteritis.
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GCA ++* +† + + Rare‡ Rare

TA +++§ ++ +++ ++ + + Rare Rare

Behçet's disease + ++ Rare Rare + Rare Rare +

Other large-vessel  diseases 
(RPC, CS, RPF, IA)

++ + + Rare + + Rare + Rare Rare

PAN + + + Rare +++ + +

GPA (Wegener's) Rare Rare + Rare Rare + Rare +

MPA Rare Rare Rare + Rare +

CSS Rare Rare + ++ ++

Kawasaki disease Rare Rare +++ ++ +

HSP +++

CV Rare Rare Rare +++

Primary angiitis of CNS ++ ++

Small-vessel vasculitis of 
RA, SS, SLE, or SSc

Rare + Rare + + ++ + +++

TABLE 41-1 Manifestations of Vasculitis That Mimic Noninflammatory Cardiovascular Disease

*Moderately common manifestation.
†Well described but relatively uncommonly seen.
‡Reported but quite rare.
§Common manifestation.
CNS, central nervous system; CS, Cogan's syndrome; CSS, Churg-Strauss' syndrome; CV, cryoglobulinemic vasculitis; GCA, giant-cell arteritis; GPA, granulomatosis with polyangiitis; HSP, Henoch Schönlein purpura; IA, idiopathic aortitis; MPA, microscopic polyangi-
itis; PAN, polyarteritis nodosa; RPC, relapsing polychondritis; RA, rheumatoid arthritis; RPF, retroperitoneal fibrosis; SLE, systemic lupus erythematosus; SS, Sjögren syndrome; SSc, systemic sclerosis (scleroderma); TA, Takayasu's arteritis.
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with associated aortic valvular dysfunction and accompanied by 
thoracic or abdominal aortic aneurysms is fairly common and can 
lead to heart failure, aneurysmal rupture or dissection, and involve-
ment of branch arteries. Small-vessel disease can affect nerves, 
eyes, kidneys, and other systems.

The histopathology of relapsing polychondritis includes 
 destructive inflammation of various types of cartilage, necrotizing 
aortitis, vasculitis in small vessels (e.g., skin, glomeruli), and direct 
inflammatory infiltration of eye structures, heart valves, pericar-
dium, skin, and other tissues.

Relapsing polychondritis has been associated with various other 
primary autoimmune diseases, such as inflammatory bowel dis-
ease, lupus, and others. The rarity of this syndrome has precluded 
comprehensive research that might help both better differentiate 
cases from other conditions and learn more about the pathophysi-
ology. Treatment almost always involves systemic glucocorticoids, 
and immunosuppressive agents are frequently prescribed for this 
often rapidly progressive disease.

Cogan's Syndrome
Cogan's syndrome is a rare disorder characterized by inflamma-
tory eye and inner ear/vestibular disease that can also involve 
inflammatory vasculitis.9 It is a disease of young adults, usually first 
affecting patients before age 40, although both children and older 
patients have also been affected.

The characteristic clinical manifestations of Cogan's syndrome 
are interstitial keratitis, sensorineural hearing loss, and vestibula-
tory dysfunction. Although interstitial keratitis is the most common 
eye problem in Cogan's syndrome, uveitis, scleritis, and many other 
types of ophthalmological inflammation can occur. The eye and 
ear damage is often permanent and can be quite debilitating. The 
combination of inflammatory eye disease and inner ear problems 
is required for a diagnosis of Cogan's syndrome, but these findings 
can occur in other diseases as well, such as infections, malignan-
cies, sarcoidosis, and various autoimmune diseases, including other 
vasculitides (e.g., GPA, relapsing polychondritis, Behçet's disease). 
Other organ systems are less commonly involved.

Vasculitis occurs in up to 15% of patients with Cogan's syndrome 
and is mostly large-vessel disease, with some medium-vessel mani-
festations reported. The large-vessel disease in Cogan's syndrome 
is similar to that of TA and includes aortitis with aortic insufficiency, 
stenoses of the carotid and subclavian and other aortic branch 
arteries, and even coronary artery disease (CAD). Treatment of 
Cogan's syndrome includes both glucocorticoids and immunosup-
pressive drugs, appropriate rehabilitation (e.g., vestibular retrain-
ing), surgical correction of eye damage, and use of hearing aides 
or surgical correction of hearing loss.

Idiopathic Aortitis
Aortitis may be found in the absence of any other manifesta-
tions of a systemic inflammatory disease.10–12 These cases often 
come to the attention of vascular medicine specialists when 
patients undergoing surgical repair of aortic aneurysms and 
dissections are found to have inflammation consistent with 
aortitis on pathological specimens. Autopsies and studies of 
large numbers of surgical specimens have demonstrated that 
noninfectious aortitis occurs in 4% to 15% of cases. Although 
on detailed investigation, many of these patients are retrospec-
tively found to have had evidence of GCA, TA, relapsing poly-
chondritis, GPA, or another definable vasculitis, it is common 
among these cases to find no evidence of more systemic inflam-
matory disease. The majority of cases of so-called idiopathic 
aortitis involve thoracic lesions, in contrast to the overall pre-
dominance of abdominal aortic lesions for non inflammatory 
disease.

It is possible that cases of isolated inflammatory aortic aneu-
rysms will be increasingly identified earlier as magnetic reso-
nance imaging (MRI) technology continues to improve and 
helps demonstrate inflammation in the arterial wall. It can, how-
ever, be difficult to differentiate inflammation due to true idio-
pathic aortitis and vasculitis from the vascular and periaortic 
inflammations seen in association with atherosclerotic disease. 
Currently, in the absence of pathological specimens or other 
evidence of a vasculitis, MRI alone is not diagnostic for inflam-
mation. The emergence of positron emission tomography (PET) 
scanning for large-vessel disease may also help in the evaluation 
of such patients.

The approach to treatment of idiopathic aortitis is unclear; 
many patients never develop other findings of vasculitis. 
However, new aneurysms and significant vascular disease do 
occur in some cases.11 Comprehensive evaluation of evidence 
of systemic disease is necessary and should include a detailed 
physical examination, diagnostic imaging, laboratory studies, 
and other approaches outlined later in this chapter. Appropriate 
treatment should be given if inflammatory disease other than 
that seen in the surgical specimen is found, but not all patients 
require glucocorticoids, especially in the postoperative period. 
Furthermore, regular follow-up of such patients by a specialist 
knowledgeable about vasculitis is imperative because lesions 
may develop subtly and only years after the initial pathological 
diagnosis is made.

Miscellaneous Forms of Large-Vessel Vasculitis
Although large-vessel vasculitis is only rarely seen with other 
systemic inflammatory conditions, it is important to recognize 
these potential associations. Aortitis is rarely associated with 
long-standing seronegative spondyloarthropathies (ankylos-
ing spondylitis, reactive arthritis, psoriatic arthritis, and inflam-
matory bowel disease) and can result in aortic insufficiency. 
Retroperitoneal fibrosis, a rare disease of proliferating fibroblasts 
usually causing ureteral obstruction and at times aortic stenosis 
and periaortitis, is also associated with true inflammatory aorti-
tis. There have been a few case reports of large-vessel vasculitis 
in patients with rheumatoid arthritis, systemic lupus erythemato-
sus (SLE), and GPA.

FIGURE 41-1 (See also Color Plate 41-1.) Large-vessel vasculitis with 
stenotic lesions of abdominal aorta and left subclavian, left carotid, and 
bilateral renal arteries as imaged using three-dimensional (3D) dynamic 
gadolinium-enhanced magnetic resonance angiography (MRA).
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Medium-Vessel Vasculitis
Among the inflammatory vasculitides, the medium-vessel diseases 
have the greatest variety of clinical manifestations, which result 
from the broad range of vessel sizes actually involved in the pro-
cess. As stated earlier, classifying the vasculitides by affected vessel 
size can be problematic, but particularly with the medium-vessel 
disorders.

Specialists in vascular medicine need to be aware of protean 
presentations of active medium-vessel disease and the lasting dam-
age they can cause. As with large-vessel disease, these disorders can 
mimic noninflammatory cardiac, renal, cerebral, and other vascular 
problems. This fascinating set of diseases comprises the  vasculitides 
for which the highest quality and quantity of clinical trial data are 
available to help guide therapy.

Polyarteritis Nodosa
Polyarteritis nodosa (PAN) is among the “purer” vasculitides in 
that most of its manifestations are due to true vascular inflam-
mation.13 With the identification of other types of vasculitis, the 
spectrum of what is now diagnosed as PAN has narrowed over 
the past 50 years. Although characterized as a medium-vessel dis-
ease, PAN may also involve small vessels such as those in the skin. 
Polyarteritis nodosa frequently involves inflammation leading to 
multiple small aneurysms that often appear angiographically as a 
“string of beads.” Ischemia and infarction of kidneys, intestines, and 
skin are common in PAN, with arthralgias, myalgias, and fevers also 
frequently seen. Diagnosis is based on angiographic appearance 
(Fig. 41-2) or tissue pathology, often from surgical specimens such 
as a resected ischemic bowel segment. Interestingly, PAN in one 
subset of patients is associated with either hepatitis B or hepatitis 
C infections.13,14 Importantly, there is a difference between hepati-
tis C–associated PAN and hepatitis C– associated cryoglobulinemic 
vasculitis (CV, see later section). Cardiac manifestations of PAN are 
due to coronary arteritis or malignant hypertension (secondary to 
renal artery disease) and include myocardial ischemia, heart fail-
ure, and arrhythmias.

Treatment of PAN almost always involves high-dose glucocorti-
coids followed by a slow tapering of the dose. In more severe cases, 
an immunosuppressive agent is added. Hepatitis-associated PAN is 
now often treated with short courses of glucocorticoids and pro-
longed courses of antiviral agents. The rate of disease relapse in 
PAN is lower than that for many other types of vasculitis, and this 
relatively good prognosis is another important factor to take into 
consideration when deciding on a therapeutic regimen. Due to the 
rarity of the disease, controlled clinical trials for PAN are unlikely to 
occur; treatment is based on case series and expert opinion.

Granulomatosis with Polyangiitis (Wegener's)
Granulomatosis with polyangiitis is characterized by the triad of 
inflammation and destruction of tissue in the upper airway and 
sinuses (Fig. 41-3), lower airway (Fig. 41-4), and kidneys (Fig. 41-5), 
as well as the development of ANCAs.15,16 Approximately 70% of 
patients with GPA are positive for ANCA at diagnosis, although 
some will develop the antibodies later in the course of their illness. 
Among patients with GPA and glomerulonephritis, more than 90% 
are positive for ANCA. Although the combination of these features is 
common in GPA, many patients present with only a subset of these 
findings. Granulomatosis with polyangiitis also frequently involves 
many other organ systems. The upper airway lesions include 
destructive rhinitis, often leading to nasal bridge collapse and the 
 “saddle nose” deformity, sinusitis, and subglottic inflammation that 
can lead to  life-threatening tracheal stenosis. The most severe form 
of pulmonary disease in GPA is alveolar hemorrhage, and this is a 
common cause of early death. Other common  pulmonary lesions 

A B

FIGURE 41-2 Polyarteritis nodosa (PAN) with stenotic lesions (A) and 
wall thickening and enhancement (B) of celiac and superior mesenteric 
arteries imaged using three-dimensional (3D) dynamic gadolinium-
enhanced magnetic resonance angiography (MRA).

A B

FIGURE 41-3 (See also Color Plate 41-3.) Severe sinusitis in a patient 
with granulomatosis with polyangiitis (GPA; Wegener's). A, Computed 
tomography (CT) scan during an acute flare of disease. B, H&E stain of a sinus 
biopsy from this patient demonstrates characteristic inflammation, including 
a giant cell.

A B

FIGURE 41-4 Pulmonary hemorrhage in a patient with granulomatosis 
with   polyangiitis   (GPA;   Wegener's)   as   seen   on   chest   computed 
tomography (CT) scans. A, During acute flare of disease. B, Same patient 
after treatment with glucocorticoids and cyclophosphamide. Patient's dyspnea 
and plain radiographic changes mostly resolved within 2 weeks of starting 
glucocorticoids.

A B

FIGURE 41-5 (See also Color Plate 41-5.) Renal biopsy in a patient with 
granulomatosis with polyangiitis (GPA; Wegener's same patient as in 
Fig. 41-4) with rapidly progressive glomerulonephritis. A, H&E stain 
demonstrates marked glomerular destruction as well as a multinucleated giant 
cell (upper left). B, Characteristic “pauci-immune” immunofluorescent staining 
seen in GPA and microscopic polyangiitis (MPA).
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include nodules, with or without cavitation, and tracheobronchi-
tis. Other common features of GPA are retroorbital pseudotumor 
with resulting proptosis, conductive and sensorineural hearing loss, 
mononeuritis multiplex, arthritis, and purpura. Peripheral vascular 
involvement with gangrene is seen in GPA and may be the present-
ing feature (Fig. 41-6).

Inflammatory cardiac disease is rare in GPA but can include 
myocarditis and pericarditis. Aortic or large-vessel involvement in 
GPA is extremely uncommon.

Venous thromboses, including both deep vein thromboses 
(DVTs) and pulmonary emboli (PEs), occur frequently in GPA and 
may be associated with active disease.17,18 Although some of the 
pathology in GPA is indeed granulomatous with histiocytes, piece-
meal necrosis, and occasional giant cells and eosinophils, other 
manifestations of inflammation are also seen in the disease. True 
vasculitis occurs and includes capillaritis. The renal disease of GPA 
is identical to other ANCA-positive diseases, and the pathology is 
that of rapidly progressive glomerulonephritis.

Untreated, GPA most often leads to death or serious dam-
age.19 Glucocorticoids are always used for treatment, but the 
prognosis of GPA changed considerably when a protocol using 
cyclophosphamide was introduced in the 1970s at the National 
Institutes of Health (NIH). The morbidity and mortality of GPA 
was markedly improved by cytotoxic therapy: 1-year mortality 
changed from more than 80% to less than 20%.16,19,20 However, 
serious side effects are common with the use of cyclophospha-
mide, and the rate of recurrent disease in GPA after therapy is 
above 50%. In recent years, new treatment protocols have been 
tested in open and  controlled trials that incorporate less toxic 
immunosuppressive drugs, including methotrexate and azathio-
prine.21–23 Two multicentered randomized controlled trials (RCTs) 
have demonstrated that treatment with rituximab, a monoclo-
nal antibody directed against the CD20 receptor on B cells, was 
equivalent to cyclophosphamide for induction of remission in 
ANCA-associated vasculitis (GPA and MPA).24,25 In 2011, the U.S. 
Food and Drug Administration (FDA) approved rituximab for the 
treatment of GPA and MPA, and it has quickly become an estab-
lished alternative to cyclophosphamide.

Microscopic Polyangiitis
With the publication of the Chapel Hill Consensus Conference 
classification system, recognition of MPA as a separate entity 
gained acceptance.2,13 Microscopic polyangiitis is a mostly small- 
to medium-vessel ANCA-associated vasculitis with manifestations 
that strongly overlap with GPA. Its key features include glomeru-
lonephritis, alveolar hemorrhage, skin lesions, and mononeuritis 
multiplex, but many other organ systems may be involved as well. 
Unlike GPA, the pathology of MPA is nongranulomatous and does 
not involve the type of nonvascular disease seen in GPA or CSS. 
The glomerulonephritis of MPA is identical to that seen in GPA. 
Most patients with MPA are positive for ANCA, and the predomi-
nant ANCA antigen specificity is myeloperoxidase. Cardiac man-
ifestations of MPA are  uncommon, but peripheral artery disease 
(PAD) and gangrene are seen and may be confused with nonin-
flammatory vascular disease. Microscopic polyangiitis should be 
differentiated from classic PAN. Polyarteritis nodosa is more of a 
 medium-vessel disease and does not include glomerulonephritis 
or pulmonary capillaritis. Microscopic polyangiitis does not pro-
duce the microaneurysms seen in PAN. Treatment of MPA is essen-
tially identical to that for GPA.

Churg-Strauss' Syndrome
Churg-Strauss' syndrome, also known as allergic granulomatous 
angiitis, is a rare disease characterized by the triad of asthma, pul-
monary infiltrates, and hypereosinophilia.26,27 Churg-Strauss' syn-
drome can, however, involve almost all the clinical features seen 
in GPA, including the presence of ANCA in some cases (30%-40%). 

As with GPA, much of the pathology seen in CSS is due to inflam-
mation that is not “vasculitis” per se but is every bit as damaging 
as vascular inflammation. Tissue eosinophilia, although seen in 
other types of vasculitis, is particularly common in CSS and often 
striking. More than 90% of patients have asthma, often severe; the 

A

B

C

FIGURE 41-6 (See also Color Plate 41-6.) Gangrenous toe in a patient 
with granulomatosis with polyangiitis (GPA; Wegener's). A, Gangrenous 
left second toe pretreatment. B, Conventional angiogram of left foot at time 
of gangrene seen in A, demonstrating marked stenosis/occlusion of dorsal 
pedal artery and runoff. C, Same toe months after initiation of glucocorticoids 
and cyclophosphamide. Only minimal tissue loss resulted, and toe is now well 
perfused.
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 hypereosinophilia may be a marker of disease activity for some 
patients but is not always present. Pulmonary manifestations 
include dense infiltrates that rapidly clear with  glucocorticoid 
 therapy. Additionally, neuropathies—especially mononeuritis 
 multiplex and gastrointestinal ischemia—are  common features 
and quite damaging. Diagnosis is based on the combination of 
clinical findings, hypereosinophilia, and pathology specimens that 
often show granulomatous and eosinophilic inflammation.

Cardiovascular manifestations of CSS are fairly common and  
include myocarditis with resultant congestive heart failure (CHF)  
and pericarditis. Angina is rare in CSS. Cardiac involvement in CSS 
may be rapid in onset and fatal.

Glucocorticoids are the mainstay of treatment for CSS, but immu-
nosuppressive agents are increasingly being used for more severe 
cases and to help wean patients from glucocorticoids. It is impor-
tant to avoid overtreating the asthma component of the syndrome; 
asthma is not in itself a reason to start cytotoxic medications.

Kawasaki Disease
Kawasaki disease, a vasculitis of young children involving medium 
and small arteries, is a leading cause of acquired CAD in children.28 
The disease manifests as a systemic illness with high fevers, con-
junctival injection, erythematous oropharyngeal lesions, erythema-
tous rashes and skin desquamation, lymphadenopathy, and other 
signs and symptoms. Cardiac involvement is frequent in Kawasaki 
disease and can result in long-term morbidity. Myocarditis and 
pericarditis are common and can be serious, but coronary artery 
aneurysms are the most feared aspect of the disease. Both panar-
teritis and granulomas can be seen in the vessels, with subsequent 
scarring and aneurysm formation. Treatment includes aspirin and 
intravenous immunoglobulin (IVIG); such regimens have been 
shown to markedly reduce the incidence of coronary complica-
tions. Kawasaki disease is described in detail in Chapter 45.

Small-Vessel Vasculitis
Henoch-Schönlein Purpura
Henoch-Schönlein purpura is a small-vessel vasculitis that classi-
cally involves the clinical triad of inflammatory arthritis, ischemic 
abdominal pain, and purpura, although not all cases exhibit all 
three manifestations.29 The most feared manifestation of HSP is glo-
merulonephritis, which can lead to renal failure. Cardiac disease is 
not a feature of HSP, but hypertension from renal insufficiency can 
be severe. The lesions in HSP often involve leukocytoclasia and 
immunoglobulin (Ig)A deposition. An elevated serum IgA level is 
commonly seen in patients with HSP.

Henoch-Schönlein purpura is much more common among young 
children and is probably the most common type of vasculitis in this 
age group. Nevertheless, HSP is also seen in adults. The disease is 
more often self-limited among children and more likely to lead to 
chronic renal insufficiency in adults. Relapse is common in all age 
groups. Treatment of HSP varies from watchful waiting in some cases 
of pediatric HSP, to high-dose glucocorticoids, to the addition of 
immuno suppressive agents. However, it is not clear whether immuno-
suppressive therapy substantially alters long-term outcomes for HSP.

Cryoglobulinemic Vasculitis
Cryoglobulinemic vasculitis occurs when cryoglobulins, any of var-
ious types of Igs that precipitate from serum at temperatures below 
body temperature, induce an immune  complex–mediated inflam-
matory process in any organ.30 Several types of cryoglobulins can 
occur, and cryoglobulinemia is subclassified based on the mix of 
IgG and IgM antibodies that make up the cryoglobulin portion of 
serum (the “cryocrit”), and whether the excess cryoproteins are 
polyclonal or monoclonal.

Cryoglobulinemic vasculitis was previously considered to be a 
quite rare phenomenon sometimes seen in chronic inflammatory 
diseases such as lupus or rheumatoid arthritis or associated with 
lymphoproliferative dis orders. Once the association between hepa-
titis C infection and type 2 mixed CV was established, however, it 
became apparent that co incident with the worldwide rise in hepa-
titis C infection, CV has been increasingly identified as a cause of 
vasculitis. The vast majority of cases of CV now seen are associated 
with hepatitis C infection.

Major clinical manifestations of CV include cutaneous vascu-
litis (purpura), arthralgias, peripheral neuropathy, and nephropa-
thy with associated renal insufficiency or nephrotic syndrome (or 
both). Cardiovascular manifestations of CV include Raynaud's phe-
nomenon, hypertension, and congestive heart failure. The hyper-
tension in CV, which is often associated with renal disease, can be 
severe and lead to cardiac failure.

The histopathology of CV includes necrotizing vasculitis but may 
also involve Ig and complement deposition detected by immuno-
fluorescence staining.

Treatment of CV is somewhat controversial. However, there is 
consensus that for patients with CV who are infected with hepatitis 
C virus, treatment with antiviral agents, even in the absence of sig-
nificant liver disease, is important. For acute disease exacerbations 
or when antiviral therapy is not efficacious or possible, treatment 
may include glucocorticoids, cytotoxic agents, and plasmaphere-
sis. There is increasing evidence that rituximab (ant-CD20 B cell 
depleting agent) is effective in treating CV.

Primary Angiitis of the Central Nervous System
Primary angiitis of the central nervous system (PACNS) is a quite rare 
necrotizing angiitis limited to the central nervous system (CNS).31,32 
PACNS is frequently associated with subacute nonfocal neurolo gical 
deficits and chronic meningitis, although strokes and hemorrhage 
can also be seen.

Diagnosis of PACNS necessitates first suspecting this rare dis-
ease. Conventional angiography may be helpful in  identifying 
other entities, such as aneurysms and emboli, but is often not 
diagnostic for vasculitis for several reasons (Fig. 41-7). First, in 
older patients the endothelial changes of atherosclerosis may 
mimic those of vasculitis. Second, vasospasm can be confused 
with stenosis from either atherosclerosis or inflammation. 
Finally, the resolution of conventional angiography is such that 
small arteries are not well visualized, and thus many cases of 
vasculitis may be missed by this technique. Leptomeningeal 
biopsies or larger tissue samples from affected brain areas are 
often  necessary to demonstrate PACNS and provide the level of 
 evidence required to institute therapy. The histopathology is that 
of vasculitis, but granulomas and giant cells are not always seen; 
there may be no inflammation in the vasospastic variant. Tests of 
cerebrospinal fluid are often normal in patients with PACNS, but 
are important in evaluating patients for other conditions, espe-
cially infection or malignancy.

Experts in vascular medicine need to be aware of PACNS 
because it can easily be mistaken for atherosclerotic disease with 
multiple infarcts. PACNS is extremely rare, but the approach to treat-
ment is quite different from atherosclerotic disease.

Treatment recommendations are based solely on case series 
and an incomplete understanding of the pathophysiology. PACNS 
is treated with glucocorticoids, with immunosuppressive agents 
often added.

It is imperative to differentiate PACNS from the increasingly 
recognized set of reversible cerebral vasoconstrictive syndromes 
(RCVS) previously referred to as benign PACNS33; RCVS is not a 
vasculitis. It is characterized by acute onset of severe headache 
(“thunderclap headaches”) and a focal neurological event. RCVS 
is treated with aggressive vasodilators, including calcium channel 
blockers, and strict avoidance of smoking and vasoconstricting 
drugs and substances, such as caffeine, cocaine, sympathomimet-
ics, and serotonin receptor agonists (e.g., sumatriptan).
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Vasculitis Secondary to Autoimmune/Connective 
Tissue Diseases
Vasculitis, especially of small arteries, can be seen in various sys-
temic autoimmune diseases, including SLE, rheumatoid arthritis, 
Sjögren's syndrome, and systemic sclerosis (scleroderma). In these 
diseases, vasculitis usually accompanies evidence of severe dis-
ease in other organs or long-standing disease (e.g., rheumatoid 
arthritis). Skin vasculitis is common, but mesenteric and CNS vas-
culitis are the most feared and dangerous vascular manifestations 
seen in these diseases.

Although coronary arteritis is rarely seen in these systemic auto-
immune disorders, there is an increased recognition of early accel-
erated atherosclerotic CAD among patients with SLE, rheumatoid 
arthritis, and other chronic inflammatory diseases. The pathophys-
iology of this problem is under active investigation and paral-
lels the increased attention vascular biologists are paying to the 
contribution of inflammation to atherosclerosis. When  vasculitis 
occurs in SLE or rheumatoid arthritis, it is frequently severe and 
often necessitates treatment with high-dose glucocorticoids and 
cyclophosphamide.

Drug-Induced Vasculitis
Many drugs or other toxins have been implicated as causing inflam-
matory vasculitis involving vessels of all sizes, especially small 
arteries. A full list of drugs considered to be causative for vascu-
litis and details regarding the clinical syndromes of drug-induced 
vasculitis are available in recent reviews.34,35 There is an interesting 
subset of patients with ANCA-associated vasculitis whose disease 
is caused by exposure to certain medications.36

The clinical manifestations of drug-induced vasculitis range 
from skin-only disease to widespread life-threatening multisys-
temic disease. No clinical, laboratory, or pathological findings dif-
ferentiate drug-induced from other types of vasculitis. Given that 

agents from most classes of drugs have been implicated in vascu-
litis, it is important that clinicians consider the possible contribu-
tion of not only every medication the patient was taking at the time 
of clinical presentation but also medications, supplements, and 
illegal drugs used in the previous year. The temporal association 
between drug exposure and disease, combined with the pattern 
of illness and evidence for or against a different vasculitic process, 
are helpful in establishing a diagnosis of drug-induced vasculitis.

Management of drug-induced vasculitis always includes discon-
tinuation of the putative causative agent when possible, but may 
also involve treatment with clinical observation alone, glucocorti-
coids, or immunosuppressive agents. Patients should be followed 
for an extended period, even after apparent disease resolution, to 
ensure the diagnosis of drug-induced vasculitis rather than waxing 
and waning idiopathic vasculitis.

Evaluation and Diagnosis of Possible 
Vasculitis
When evaluating cases of potential vasculitis, the clinician's first 
challenge is to consider that one of these rare diseases is a possi-
bility. Rather than quickly focusing on a specific type of vasculitis, 
it is best to consider first whether “some sort of” vasculitis is present 
and determine the specific type once more information becomes 
available. It is common that when clinicians are evaluating patients 
for vasculitis, they are also conducting parallel evaluations for non-
vasculitic diseases, an appropriate approach given the rarity of 
vasculitis and the urgency to diagnose and treat conditions that 
mimic vasculitis, such as infection.

Due to the protean potential manifestations of the vasculitides, 
clinicians must be comprehensive in their evaluation of patients 
for possible inflammatory vascular disease. By “looking every-
where” at all organ systems with complete history-taking, physical 
examinations, and selective laboratory and radiographic diagnos-
tic tests, evidence is sought for both the presence of vasculitis and 
the size of vessel involved. Finding the “worst” manifestation of any 
new diagnosis or flare of disease is important, but the goal is to 
determine the diagnosis of a vasculitis and ensure all manifesta-
tions are documented. Treatment protocols will differ based on 
extent of disease, and later assessment of response depends on 
accurate baseline evaluation of all features of disease.

With the exception of tissue pathology, no single test is fully 
 diagnostic for vasculitis. A comprehensive initial medical evalua-
tion including medical history, physical examination, and routine 
laboratory studies can provide most of the information clinicians 
need to either dismiss the diagnosis of vasculitis or focus on more 
specific diagnostic testing. Finally, clinicians must reconsider a 
diagnosis of vasculitis or consider a coexisting problem when 
either the clinical course changes or treatment response is not 
characteristic for vasculitis.

Medical History
Medical history and physical examination remain key elements 
of evaluation for vasculitis. A comprehensive review of systems is 
essential, and the potential queries related to vasculitis are numer-
ous. Examples of symptoms to inquire about include any visual 
changes or eye symptoms, changes in hearing, nasal discharge or 
epistaxis, sinusitis, headaches, any mental status change, any neu-
rological symptom, stridor, wheezing, cough, hemoptysis, pleuritic 
chest pain, jaw or limb claudication, abdominal pain, any skin 
lesion, arthralgias, arthritis, myalgias, weakness, fevers, weight loss, 
and many other symptoms.

A full and accurate medication and drug use history is manda-
tory and should include any prescription drugs,  over-the-counter 
products, illegal drugs, and alternative/herbal products taken 
within the prior 6 to 12 months, as well as accurate stop and start 
dates. If patients have been prescribed medications to address 
 specific symptoms that may be vasculitic, documenting the 
response to these treatments may be important.

FIGURE 41-7 Multiple areas of brain infarction secondary to primary 
angiitis of the central nervous system (PACNS) as seen on gadolinium-
enhanced magnetic resonance angiography (MRA). The cerebral angiogram 
on this patient was unremarkable, but brain biopsy demonstrated small-vessel 
vasculitis.
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Physical Examination
A full physical examination is required whenever a patient is eval-
uated for potential vasculitis, and several examination findings 
should always prompt consideration of vasculitis in any patient. 
Blood pressure should be measured in both arms for discrepan-
cies. Obtaining pressures in the legs may be appropriate if lower-
extremity stenoses are suspected. Hypertension may result from 
renal artery stenoses (RAS) from vasculitis, and similar physiology 
occurs with some tight suprarenal aortic stenoses. A full examina-
tion of bilateral pulses should include radial, ulnar, brachial, carotid, 
femoral, popliteal, posterior tibial, and dorsalis pedis pulses. Bruits 
should be listened for over the aorta and the carotid, femoral, axil-
lary, subclavian, and renal arteries. Presence of blood pressure dis-
crepancies, absent pulses, or arterial bruits are each highly specific 
for major arterial disease but are not highly sensitive for major arte-
rial lesions in large-vessel vasculitis.37

Careful examination of skin and mucosal surfaces can reveal 
many clues to vasculitis. Although palpable purpura is the clas-
sic vasculitis skin lesion, not all purpura is  vasculitis, and not 
all skin vasculitis manifests as purpura. Macular lesions, both 
flat and raised, as well as bullae and  nonerythematous lesions, 
can all occur in vasculitis. Livedo reticularis may be a clue 
to  vasculitis or vasospasm. One should examine the patient 
for oral or genital aphthous ulcers. Extremity cyanosis and 
pallor may be seen and may be variable depending on the 
ambient temperature and limb positioning. Ulcerations and 
crusting should be sought in the nasopharynx. Nailfold capil-
lary changes can be seen on bedside microscopic  examination 
with an ophthalmoscope. Signs of capillary fragility, especially 
over sites of blood pressure cuff or tourniquet application, may 
be seen.

The rest of a full physical examination is also essential in evalu-
ating for vasculitis. Lung examination may reveal any of the many 
abnormalities commonly seen in vasculitis, including rhonchi, 
pleural rubs, dullness due to effusions, and wheezing. Careful car-
diac auscultation might reveal evidence of aortic regurgitation, as 
seen in aortitis or pericardial rubs. Gross inspection of the eyes may 
reveal signs of inflammation, and funduscopic examinations may 
show retinal pallor or other signs of ischemia. A full ophthalmo-
logical examination including slit lamp is necessary for any patient 
suspected of vasculitis with eye symptoms. A full joint examination 
may reveal even asymptomatic effusions. Detailed neurological 
examination is essential; subtle cranial and peripheral neuropa-
thies often go unnoticed by both patients and physicians, but are 
clues to severe disease.

Laboratory Studies
ACUTE PHASE REACTANTS

Acute phase reactants, including the Westergren erythrocyte 
sedimentation rate (ESR), C-reactive protein (CRP), and oth-
ers, are perhaps the most misunderstood and misused tests 
in the evaluation of vasculitis. Erythrocyte sedimentation 
rate should never be considered a screening test for vasculi-
tis because acute phase reactants are neither highly sensitive 
nor specific diagnostically for any type of vasculitis. There is 
good evidence that a normal ESR can be found in active TA, 
GCA, GPA, PACNS, drug-induced vasculitis, and other vasculi-
tides. Although ESR is most helpful in evaluating patients for 
possible GCA, even in that disease, up to 10% of patients with 
documented GCA have normal sedimentation rates at the time of  
diagnosis. Furthermore, an elevated ESR can be seen in most  
of the disorders usually considered in the differential diagnosis of 
patients with possible vasculitis, notably infections and malignan-
cies, thus emphasizing the lack of diagnostic usefulness of this 
test. Acute phase reactants are somewhat useful for monitoring 
disease activity and therefore in some cases may be supportive of 
a disease flare.

RENAL FUNCTION TESTS

Laboratory tests of renal function are an essential part of evaluat-
ing patients for possible vasculitis. A properly performed urinalysis 
is mandatory. Glomerulonephritis is a major feature of many small- 
and medium-vessel vasculitides and may manifest first as subtle 
findings on urinalysis, including proteinuria and hematuria. If the 
urine dipstick is abnormal, clinicians need to examine the urinary 
sediment. Clinicians must not count on hospital or reference labo-
ratories to perform a manual urine sediment analysis because uri-
nary casts are often dissolved by the time laboratory personnel run 
the test. If clinicians are not comfortable examining the sediment 
themselves, they should consult a nephrologist or another provider 
expert in this key test. Creatinine (Cr) elevations may reflect both 
acute renal disease and long-standing damage and scarring from 
prior flares of disease, and knowing a patient's baseline value is 
always important. Furthermore, the doses of many drugs used for 
patients with vasculitis are modified based on renal function; these 
include cyclophosphamide, methotrexate, cyclosporine, and non-
steroidal antiinflammatory drugs (NSAIDs). Hematuria may also 
be a clue to bladder toxicity from cyclophosphamide, including 
hemorrhagic cystitis and transitional cell carcinoma.

COMPLETE BLOOD CELL COUNTS AND WHITE BLOOD  
CELL DIFFERENTIAL COUNTS

No findings from a blood count and review of a blood smear are 
diagnostic for vasculitis, but the tests may provide clues to other 
diagnoses. Many, but certainly not all, patients with systemic vas-
culitis are anemic at initial presentation. Although eosinophilia is 
frequently present in CSS, GPA, drug-induced disease, and other vas-
culitides, this finding is also neither sensitive nor specific enough 
for diagnosis. Significant eosinophilia does, however, help narrow 
the potential diagnoses and may help in classifying patients with 
established vasculitis. Additionally, it is not uncommon for patients 
with CSS to have an increase in total eosinophil count before or 
during a flare of disease.

ANTINEUTROPHIL CYTOPLASMIC AUTOANTIBODIES 
TESTING

The discovery of ANCAs and their association with GPA, micro-
scopic polyangiitis, CSS, and renal-only pauci-immune glomerulo-
nephritis was extremely important in the evolution of diagnostic 
testing for vasculitis.38 ANCA testing, when performed properly, is 
highly specific for these syndromes, and in the correct clinical set-
ting may be the last piece of data necessary to establish a diagno-
sis, even in the absence of a tissue biopsy. Additionally, the finding 
of a positive test for ANCA in a patient with already established 
vasculitis essentially narrows the diagnosis to one of four ANCA-
associated diseases.

Currently, the methodology for conducting ANCA testing is not 
standardized, which leads to problems with reliability and inter-
pretation of test results. At a minimum, a laboratory should per-
form both immunofluorescence testing to identify the cytoplasmic 
(“C”) ANCA pattern or perinuclear (“P”) pattern, as well as con-
duct enzyme-linked immunosorbent assay (ELISA) testing for 
antibodies to proteinase 3 (anti-PR3) and antibodies to myeloper-
oxidase (anti-MPO). Antigen-specific ELISA tests are less prone to 
false-positive results (for the diagnosis of vasculitis) than the some-
what subjective immunofluorescence tests. Positive ANCA testing 
by the combined presence of C-pattern/anti-PR3 or P-pattern/ 
 anti-MPO is extremely specific for vasculitis, with other types of 
ANCA not helpful diagnostically.

Specificity of properly performed ANCA testing is better than 
90% and may be closer to 99% in certain laboratories.38,39 Sensitivity 
of ANCA testing varies with the type of disease and clinical mani-
festations. Although more than 90% of patients with GPA who have 
renal involvement are ANCA positive, this rate drops to about 70% 
for patients without renal disease. Most patients with MPA and 
renal-limited pauci-immune glomerulonephritis are ANCA  positive, 
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but the rate of ANCA positivity among patients with CSS varies 
in the literature from 40% to 80%. Thus, although ANCA is highly 
specific for vasculitis when present, a negative test by no means 
excludes the diagnosis.

OTHER IMMUNOLOGY TESTS

Antinuclear antibodies (ANAs) and rheumatoid factor (RF) 
should be tested only in selected cases. Antinuclear antibody is 
a useful screening test for SLE because 99% of patients with SLE 
have a positive ANA test, especially if they have vasculitis. However, 
a positive ANA is by no means specific for any autoimmune dis-
ease. In the absence of arthritis, a test for RF is rarely useful diag-
nostically because it can be seen in various infections and in type 
2  cryoglobulinemia. Also, the test often has false-positive results. 
Furthermore, it is not diagnostic in itself for rheumatoid arthritis 
but is almost always positive in patients with rheumatoid vasculitis.

Testing for the presence of cryoglobulins is important. Their pres-
ence may not only help make the diagnosis, but treatment may be 
different and include plasmapheresis or antiviral agents (or both) 
in cases of hepatitis C–associated disease. Testing for cryoglobulins 
is not simple and is frequently done incorrectly. The blood speci-
men must be kept at body temperature (37°C) from the moment 
it is drawn through transport to the laboratory, where it must be 
allowed to clot in a warm water bath or heated box. Once the 
clot forms at 37°C, further special processing is required. From a 
Bayesian perspective, it is not unreasonable to repeat testing for 
cryoglobulins when the likelihood of their presence is medium to 
high, especially if the patient is infected with hepatitis C virus.

MICROBIOLOGICAL TESTING

Cultures of blood, urine, and other specimens are often appropriate 
when evaluating patients with vasculitis. Furthermore, patients with 
established vasculitis are at considerably increased risk of infection 
when undergoing immunosuppressive therapy, necessitating a low 
threshold to test for infection in this population. Finally, it is impor-
tant that some biopsy specimens, especially lung tissue, be sent for 
culture for both typical and atypical/opportunistic pathogens.

Diagnostic Vascular Imaging
Radiographic assessment of vascular structures has long been an 
important tool for diagnosing patients with vasculitis. This is espe-
cially true when medium and large vessels are involved because 
they are much more likely to be visualized by the techniques avail-
able.40 Although small- and even medium-sized arteries can often 
be seen on diagnostic biopsies or surgical specimens, large vessels 
are not usually amenable to tissue biopsy. Thus diagnostic imaging 
is crucial to assessment and management of patients with large-
vessel vasculitis. The two great challenges inherent in interpreta-
tion of imaging of large vessels are (1) differentiating inflammatory 
disease from atherosclerotic disease and (2) trying to determine 
whether vascular lesions represent “active” disease. In recent years, 
interest in large-vessel vascular imaging has greatly increased 
as investigators and clinicians working in vasculitis strive to prop-
erly incorporate advances in various radiological modalities into 
practice. Imaging of organs and tissues other than arteries them-
selves is of obvious benefit for specific syndromes to help under-
stand the extent of disease, facilitate choice of tissue biopsy, and 
rule out other pathology.

Specialists in vascular medicine need to be aware of the  
capabilities and limitations of various modalities for imaging 
the vascular system and differentiating atherosclerotic from 
 inflammatory disease. Vascular imaging is much more commonly 
obtained to evaluate suspected atherosclerotic or structural 
disease, and thus it is vital that inflammatory disease is recog-
nized, even when it is not expected. The increased recognition 
that atherosclerosis may have an inflammatory component and 
that  vasculitis can result in some changes seen in  atherosclerosis 

makes this differentiation even more challenging. Marked dif-
ferences in treatment and prognosis for these different disor-
ders make continued cooperative work by experts in cardiology, 
rheumatology, radiology, vascular surgery, and other specialties 
essential in evaluating patients and interpreting imaging data. 
The following sections summarize the progress to date in using 
various imaging modalities for evaluating vascular disease in the 
inflammatory vasculitides.

CONVENTIONAL  ANGIOGRAPHY

Conventional angiography with intravascular injection of radio-
contrast dye remains the gold standard for detecting stenoses 
and aneurysms in medium and large arteries and in diagnosing 
patients with vasculitis, especially TA and PAN. It is important to ask 
radiologists to view the distal runoffs of  arteries beyond the trunk; 
diagnostic and critical lesions more distally (e.g., axillary artery) 
may be missed by undue concentration on the proximal vessels. 
Additional advantages to conventional angio graphy include the 
ability to measure intraarterial blood pressure directly. Such pres-
sure readings are especially important when caring for patients 
with subclavian or proximal aortic stenoses, where peripheral pres-
sure readings may be inaccurate. Finally, conventional angiography 
is the only current imaging modality that assists catheter-based 
intervention, including angioplasty and stent placement.

There are several problems with and limitations to  conventional 
angiography for evaluation of potential vasculitis. The direct 
 toxicities of the contrast dye have the potential for hypersensitiv-
ity reactions, renal insufficiency, and volume overload. Catheters 
can potentially cause vascular injury. The resolution of conven-
tional angiography is limited, and most small-vessel disease, such 
as in the brain or mesentery, is not well imaged by this technique. 
Additionally, serial studies by conventional angiography, although 
sometimes necessary, are impractical, incur additive toxicity, and 
are thus not routinely performed to monitor patients. Finally, con-
ventional angiography does not provide any information about the 
biological state of the arterial wall and therefore, except with serial 
images, cannot determine disease activity.

MAGNETIC RESONANCE IMAGING

The use of MRI to help in the diagnosis and management of vas-
culitis continues to gain acceptance rapidly, although there are 
few properly done studies on the reliability of MRI for these pur-
poses. Magnetic resonance imaging and magnetic resonance 
angiography (MRA) provide detailed information on luminal 
structures, arterial wall thickness and edema, tissue enhance-
ment (by gado linium contrast), and blood flow for large and 
some medium vessels. These structural measures have been 
proposed as useful in determining vasculitis disease  activity. 
Magnetic resonance imaging and MRA can be performed 
repeatedly with little risk to the patient and can thus provide 
 important serial data. The technology for magnetic resonance (MR) 
continues to improve, and it is anticipated that the reliability 
and breadth of information it provides in evaluating patients 
with vasculitis will continue to increase substantially in the next 
few years, especially for large-vessel pathology.

Several problems remain in the use of MR for diagnosing and  
following patients with vasculitis. First, not all vascular structures 
are easily imaged, and false-positive scans due to problems with 
imaging artifact (and possibly other reasons) do occur. Second, 
neither the protocols for data acquisition nor the methods of 
image interpretation are standardized, making comparison  
of research data and studies from different institutions or even 
 different machines problematic. The specificity of MR as a disease 
activity measure remains controversial. Unlike conventional angi-
ography, MR does not allow for pressure readings or  catheter-based 
interventions. Finally, MR is currently not helpful for small- or even 
most medium-vessel disease, although resolution is improving.
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COMPUTED TOMOGRAPHY

Computed tomography (CT) is another promising imaging 
 technique for large-vessel vasculitis. Computed tomography can 
demonstrate arterial calcification well and, with the newer machines 
and software, quite precise images are possible. Major drawbacks to 
CT include the associated toxicities of ionizing radiation and iodin-
ated contrast dye. The best future use of CT may be in combination 
with other modalities, especially PET (see later discussion).

ULTRASOUND

Ultrasound has been used to evaluate vascular disease for many 
years, and well-developed literature is available on this technique. 
The noninvasive nature, widespread availability, and relatively low 
cost of ultrasound make it an attractive technique for vascu-
lar imaging. However, the work in ultrasound has mostly been on 
atherosclerotic disease and has focused on specific anatomical 
areas including the carotid, vertebral, and ophthalmic arterial 
systems and the abdominal aorta. Recently, investigators have 
become more interested in using ultrasound for inflammatory 
disease, but experience and research in this area are still quite 
limited.

Ultrasound is often the first vascular imaging test obtained for 
patients with suspected carotid or vertebral arterial disease or  aortic 
aneurysms. Recognition by the examiner that the disease process 
may be something other than atherosclerosis is vital for proper 
early diagnosis. Greater awareness of the differences in foci of dis-
ease and in the size and appearances of lesions between athero-
sclerosis and vasculitis are important to emphasize.

Future use of ultrasound in evaluating inflammatory vascular dis-
ease depends on both (1) improved technology that better evaluates 
arterial wall structures and allows for examination of  smaller-caliber 
vessels and (2) demonstration that ultrasound provides insight 
beyond that obtained from other modalities such as MR.

POSITRON EMISSION TOMOGRAPHY

Positron emission tomography is an intriguing imaging modality 
for vascular disease. Because it relies on uptake of an isotope, it 
may be able to provide a  biological link to disease activity. Cases 
series on the use of PET in evaluating aortitis provide evidence 
that it may help detect and diagnose aortitis that is not otherwise 
apparent. However, the rate of so-called false-positive tests is not 
clear, and data from PET studies must be carefully considered 
within the clinical context. It has not been demonstrated that 
serial PET studies are helpful in either evaluating disease activ-
ity or guiding treatment for large-vessel vasculitis. The work on 
PET for large-vessel vasculitis is still in the early stages, and lack 
of standardization, paucity of direct comparisons with MRI, and 
high cost are all important issues to consider.

Tissue Biopsy
Given the need to often exclude infection, malignancy, or other pro-
cesses, as well as the need for immunosuppressive medications for 
vasculitis, biopsy evidence is often crucial, and empirical therapy  
is strongly discouraged. With the exception of some cases of large-
vessel vasculitis and some situations in patients with ANCA-positive 
disease, tissue biopsy is usually necessary to establish a firm diag-
nosis of vasculitis.

A temporal artery biopsy is almost always appropriate when 
GCA is a consideration, even if there are no cranial symptoms. A 
positive biopsy is such strong evidence for GCA that although a 
negative temporal artery biopsy does not exclude the diagnosis, 
a second contralateral biopsy is sometimes advised if the initial 
specimen is nondiagnostic.

For large-vessel diseases other than GCA, a vessel biopsy is almost 
never obtained because a medium- to full-thickness biopsy of the 
aorta or its main branches has obvious morbidity. Obtaining surgi-
cal specimens during bypass procedures or biopsies under highly 

 controlled situations such as during aortic valve or graft surgery 
should, however, be considered when a diagnosis of large-vessel dis-
ease has not yet been established or when disease activity status is 
unclear.

For the other vasculitides, it is usually preferred to obtain a 
biopsy from the most accessible tissue. Skin biopsies are simple, 
have low risk of morbidity, and can be instrumental in diagnosis. 
Too often, purpuric lesions are assumed to be vasculitis, and biop-
sies not performed. Additionally, skin biopsies can be examined 
for evidence of embolic, thrombotic, or infectious diseases.

In the proper setting, biopsies of kidneys or lungs involve mod-
erate risks but can be of high yield, whereas biopsies of other tis-
sues (e.g., sinus mucosa, nerve, myocardium) are lower risk but 
also have lower diagnostic yields. Biopsies of other organs, such 
as intestine and liver, offer low yields and higher risks but may 
be appropriate, especially during a surgical procedure, in certain 
circumstances.

Treatment of Vasculitis
The goals of treatment for inflammatory vasculitis are to stop the 
active inflammation and prevent permanent damage. Unlike many 
other systemic inflammatory diseases, true clinical remission is 
not only possible in many cases of vasculitis but should be the 
goal of treatment. Thus, protocols are increasingly being referred 
to as involving either “remission induction” or “remission mainte-
nance” treatments. The mainstays of therapy for vasculitis remain 
glucocorticoids and various immunosuppressive drugs. Treatment 
protocols are tailored to the specific type of  vasculitis and the 
extent of disease. Clinical trial data are increasingly available to 
guide treatment for GPA, microscopic polyangiitis, Kawasaki dis-
ease, and GCA, whereas other diseases rely on either case series 
for guidance or extrapolated data from studies in related, but not 
identical, vasculitides. Box 41-2 outlines the treatments used for 
patients with inflammatory vasculitis.

Ensuring long-term follow-up of patients with inflammatory  
vasculitis is extremely important. Relapse of vasculitis, even after 
complete remission, is quite common in many forms, including 
both large- and small-vessel diseases. Relapse may occur weeks to 
years from the time of clinical remission and manifest with different 
clinical findings than those seen on initial presentation. For exam-
ple, aortic aneurysms may be seen in patients with GCA years after 

Commonly Used Medications/Treatments
Aspirin
Glucocorticoids
Cyclophosphamide
Azathioprine
Methotrexate
Mycophenolate mofetil
Cyclosporine and tacrolimus (fK506)
Antiviral agents
Plasmapheresis
IVIG

Newer and/or Experimental Agents
Rituximab (anti-CD20)
Leflunomide
Inhibitors of TNf-α
Abatacept
Inhibitors of IL-6
Other experimental “biologics”

Surgical/Invasive Treatments
Balloon angioplasty
Intravascular stents (±drug-eluting coating)
Vascular bypass or replacement grafts
Reconstructive surgery

Box 41-2 Treatments for Inflammatory Vasculitis

IL, interleukin; IVIG, intravenous immunoglobulin; TNf, tumor necrosis factor.
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the patient was believed to be in “remission.” Other  manifestations 
may also occur, even in the absence of clinical symptoms, and are 
more likely missed when patients are believed to be “cured” of their 
vasculitis. For example, inadequate surveillance may allow renal 
insufficiency in patients with ANCA-associated vasculitis to go 
undetected until end-stage renal failure has occurred.

Medical Therapies for Vasculitis
Medical management of patients with vasculitis should only be 
directed by physicians familiar with both the use of chronic immuno-
suppressive agents and the clinical presentation and management of 
vasculitis. The acute and chronic toxicities of these drugs should not 
be underestimated and can result in significant morbidity. Treatment 
protocols are beyond the scope of this chapter, but the most commonly 
used medications for vasculitis are briefly outlined. Many different 
agents have been used for vasculitis (see Box 41-2).

Glucocorticoids are used for almost all patients with almost all 
types of vasculitis during the acute presentation or during flares. They 
have a rapid onset of action, and high doses often stabilize patients 
even with severe manifestations such as alveolar hemorrhage or glo-
merulonephritis. The toxicities of glucocorticoids,  especially with 
prolonged use, are serious and common and include weight gain, 
osteoporosis, osteonecrosis, glucose  intolerance, Cushingoid habi-
tus, adrenal suppression, hypertension, mood disturbances, frank 
psychosis, cataracts, glaucoma, and many others (IV).

Immunosuppressive drugs are often used in conjunction with glu-
cocorticoids, either to provide more effective therapy and induce a 
remission or to act as “steroid-sparing” drugs, allowing for safe taper-
ing of the glucocorticoids.

Cyclophosphamide is widely considered the most effective 
agent for inducing and maintaining remission in various types of 
vasculitis.16 The introduction of cyclophosphamide-based ther-
apy changed the prognosis of many of these diseases. Although 
cyclophosphamide is extremely effective, its multiple toxicities are 
severe and include cytopenias, especially neutropenia with associ-
ated infections, gonadal failure, teratogenicity, hemorrhagic cystitis, 
transitional cell carcinoma of the bladder, myelodysplasia, mucosi-
tis, hair loss, and others. Controversy exists about the best route of 
administration for cyclophosphamide, orally or intravenously (IV).

Multiple alternative agents have been tested and proposed to 
limit use of cyclophosphamide. Methotrexate, taken orally or intra-
muscularly (IM) weekly, has demonstrated efficacy as both a remission-
induction agent and remission-maintenance agent for GPA and is 
used for both purposes for multiple vasculitides.41 The toxicities 
of methotrexate include cytopenias, gastrointestinal upset, oral 
ulcers, teratogenicity, and hepatic disease. Azathioprine is another 
commonly used agent for remission maintenance in vasculitis.21 
Azathioprine can cause cytopenias, infections, nausea, mucositis, 
hair loss, pancreatitis, and other problems, but like methotrexate, is 
usually well tolerated even for extended periods. Mycophenolate 
mofetil is also used for vasculitis. Cyclosporine has long been used 
in Behçet's disease and occasionally in other vasculitides.

Rituximab has been demonstrated in two RCTs to have simi-
lar efficacy to cyclophosphamide for induction of remission in 
ANCA-associated vasculitis (GPA and MPA). The risks of ritux-
imab include allergic reactions and potential for infections.

Plasmapheresis (plasma exchange) has a central role in treat-
ing anti–glomerular basement membrane antibody-associated 
disease (Goodpasture's syndrome) and is used at some centers 
to treat both alveolar hemorrhage and severe glomerulonephritis 
in ANCA-associated vasculitis. The role of plasmapheresis in GPA 
and MPA is the focus of a currently enrolling international clinical 
trial. Pheresis is frequently used to treat acute manifestations of CV 
and occasionally other vasculitides. Intravenous IG is a mainstay of 
therapy for Kawasaki disease and has been advocated for several 
other types of vasculitis, often as a second- or third-line regimen, 
and based mostly on small case series.

Many biological agents (“biologics”) have been and continue 
to be studied as treatment for vasculitides23 (see Box 41-2). This 

 rapidly expanding group of agents that inhibit specific targets 
within the immune system are having a remarkable impact on the 
care of patients with a wide variety of autoimmune and systemic 
inflammatory diseases. The studies of rituximab for GPA and MPA 
demonstrated efficacy of the new agent.24,25 However, despite initial 
enthusiasm from open-label studies, randomized trials studying the 
use of inhibitors of TNF-α did not demonstrate efficacy of this class 
of drug for treatment of either GPA42 or GCA.43 This experience 
highlights the need for properly conducted randomized clinical 
trials in vasculitis. Studies testing the efficacy of several other bio-
logics for various forms of vasculitis are either currently in process 
or in the planning stages.

Surgical or Procedural Interventions  
for Vasculitis
In addition to medical therapies, interventional and surgical treat-
ments for vasculitis remain options for certain types of problems, 
especially in larger vessels after damage has become permanent. 
Angioplasty and stent placement have been performed for patients 
with TA and other diseases when severe arterial stenoses occur in 
large vessels. Results of these interventions are mixed, with reste-
nosis a commonly reported problem. Whether or not drug-eluting 
stents (DESs) will offer advantages for the vasculitides remains to 
be demonstrated.

Surgical bypass or grafts of stenotic vessels, including the aorta 
and coronary, subclavian, carotid, and renal arteries, are an option 
for patients with large-vessel vasculitides. Several questions are 
unanswered regarding the proper timing of such surgery in the 
presence of “active” disease or when patients are on chronic gluco-
corticoids. Reconstructive surgery also plays a role in the care of 
patients with vasculitis, especially in patients with GPA who suffer 
deforming damage from nasal collapse or other upper airway and 
retroorbital disease.

Miscellaneous Issues in the Treatment  
of Vasculitis
PNEUMOCYSTIS JIROVECI PNEUMONIA PROPHYLAXIS

It is now standard practice to prescribe trimethoprim- 
sulfamethoxazole or another agent for prophylaxis against 
Pneumocystis jiroveci (formerly carinii) pneumonia for patients on 
medium to high doses of glucocorticoids in combination with an 
immunosuppressive agent.

GONADAL FUNCTION AND PREGNANCY-RELATED 
PROBLEMS

Treatment of vasculitis often involves drugs that adversely affect 
patients’ gonadal function or are problematic during pregnancy, 
or both.44 Cyclophosphamide can cause both male and female 
sterility and is a highly teratogenic agent. Methotrexate is terato-
genic and an abortifacient drug. Glucocorticoids cause significant 
maternal and some fetal problems. Several of the other treatments 
in Box 41-2 are either directly contraindicated during pregnancy, or 
their safety during pregnancy has not been established.

It is imperative that patients in their reproductive years be coun-
seled at the time of diagnosis and regularly thereafter regarding 
issues of fertility, pregnancy, and contraception. Full discussion of 
these issues often leads to careful planning that may involve freez-
ing sperm, empirical ovarian-preserving medication protocols, and 
reevaluation of contraceptive choices.

OSTEOPOROSIS PREVENTION

Because patients with inflammatory vasculitis are often treated 
with repeated courses of high-dose glucocorticoids, it is essential 
that treating physicians give consideration to preservation of bone 
mass and assessments of osteoporosis. Most patients need to be 
given calcium and vitamin D supplementation, and many patients 
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may be candidates for bisphosphonates or other treatments for 
prophylaxis or treatment of glucocorticoid-induced osteoporosis. 
A baseline bone density scan is often useful for risk stratification.

ACCELERATED ATHEROSCLEROSIS

Although there is little firm evidence yet, concern is growing that 
patients with inflammatory vasculitis are at increased risk of accel-
erated atherosclerosis and coronary artery disease, as is seen in 
patients with other chronic inflammatory diseases such as rheu-
matoid arthritis and SLE.45 The etiology of the atherosclerosis 
is likely multifactorial but includes glucocorticoid usage, lipid 
disorders associated with disease and treatment regimens, and 
other  treatment-related problems, such as nephrotic syndrome 
and  diabetes mellitus. The impact of chronic inflammation itself, 
however, may be the most important factor in the development 
of atherosclerosis. Ongoing research is directed at the interaction 
between inflammation and atherogenesis. Whether or not chronic 
therapy with statins or other agents that act via lipid or inflamma-
tory pathways is appropriate has yet to be proved in clinical studies.
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C H A P T E R  42  Takayasu's Arteritis
Kathleen Maksimowicz-McKinnon, Gary S. Hoffman

Takayasu's arteritis is a rare chronic inflammatory large-vessel 
 disease with a female bias. It affects the aorta and its primary 
branches. Initially thought to be an illness of young Asian women, 
it is now recognized worldwide. Chronic vascular inflammation 
leads to vessel stenosis and, less commonly, aneurysm formation.

Epidemiology
Takayasu's arteritis is a rare disorder that has variable incidence 
and prevalence depending on the country where it has been 
studied. In the United States, incidence estimates from Olmstead 
County, Minnesota, are 2.6 cases/million/yr, whereas in Sweden 
they are 1.2 cases/million/yr.1,2 Autopsy studies in Japan document 
a high  prevalence, with evidence of Takayasu's arteritis found in 
1 of every 3000 individuals.3 Similar postmortem studies have not 
been  performed elsewhere to provide comparative data.

The peak incidence of Takayasu's arteritis is in the third decade 
of life, but not all investigators adhere to guidelines that exclude 
women beyond reproductive age. Consequently, some series may 
include women beyond their seventh decade of life.

Pathogenesis
Differences in disease prevalence and characteristics among 
different racial and ethnic cohorts suggest a genetic predisposi-
tion; however, no definite allelic associations have been found 
 consistently across all groups of patients with Takayasu's arte-
ritis. The well-established association between certain infec-
tions and secondary vasculitis has propelled a search for an 
infectious etiology. Special attention has been directed toward 
mycobacterial pathogens because of the increased prevalence 
of Mycobacterium tuberculosis (TB) infection in countries (e.g., 
India, Korea, Mexico) with a high prevalence of Takayasu's arteri-
tis, associations of Takayasu's arteritis with previous mycobacte-
rial infection, and TB skin test positivity in patients with Takayasu's 
arteritis. In several small studies, patients with Takayasu's arteritis 
were demonstrated to have increased immunological responses 
to mycobacterial  proteins when compared to healthy controls, 
but these inflammatory responses can be nonspecific and do not 
prove causality.4,5

Vessel injury results from the influx and actions of macro-
phages, cytotoxic T cells, γδT cells, natural killer cells,6 and B cells. 
Access of leukocytes to the vessel wall is through the vasa vaso-
rum, with subsequent migration toward the large lumen intima. 
Various  cytokines, including perforin, interleukin (IL)-6, RANTES 
(regulated, upon activation, normal T-cell expressed, and secreted), 
tumor necrosis factor (TNF)-α,7,8 and B-cell activating factor 
(BAFF),9 enhance vascular inflammation. Although the most com-
mon response to this process is myointimal proliferation that leads 
to wall thickening and luminal stenosis, destruction of smooth 
muscle cells (SMCs), elastic fibers, and other matrix proteins may 
lead to aneurysm  formation, especially in the aortic root and arch 
(Fig. 42-1). Disease progression leads to secondary vessel stiffening 
associated with atherosclerosis.10

Clinical Manifestations
Systemic symptoms and signs occur in less than half of all 
patients and include fever, weight loss, malaise, and generalized 
arthralgias and myalgias. Patients more often present with signs 
and/or symptoms of tissue ischemia, never having had an associ-
ated systemic illness. The most common symptom of Takayasu's 
arteritis is upper-extremity claudication, occurring in more than 
60% of patients and reflecting disease predilection for aortic 

arch vessels (≈90% of cases)11 (Figs. 42-2 through 42-4). The most 
frequent clinical  findings include blood pressure asymmetry in 
paired extremities, and bruits found most often over the carotid, 
subclavian, and aortic vessels.12 Aneurysms most often affect the 
aortic root, stretching the atrioventricular annulus and producing 
valvular regurgitation (≈20% of patients); valve leaflets are not 
a site of inflammation. Many within this subset require surgical 
intervention.

Hypertension occurs in at least 40% of patients in U.S. cohorts 
and is even more common in Japanese and Indian cohorts (80%). 
Hypertension is most frequently due to renal artery stenosis (RAS), 
but it may also result from suprarenal aortic stenosis or loss of 
 aortic compliance11,13 (Figs. 42-5 through 42-7). The diagnosis of 
hypertension can easily be missed in patients with disease involv-
ing both upper extremities, where peripheral cuff measurements 
in either arm will be an inaccurate reflection of central aortic pres-
sure. Hypertension with vascular bruits or claudication, especially 
in younger patients, should lead to a suspicion of Takayasu's arteri-
tis and to further evaluation of all four extremity pulses and blood 
pressures for asymmetry. Vascular imaging of the entire aorta and 
primary branch vessels should then confirm anatomical abnor-
malities compatible with the diagnosis and delineate the extent of 
disease and types of lesions.

Coronary arteritis may produce obstructive coronary artery 
 disease (CAD) or coronary artery aneurysms. Patients may 
develop myocardial ischemia, dysrhythmias, congestive heart fail-
ure (CHF), or myocarditis.

Classification of Takayasu's arteritis is based on sites of arterial 
involvement. One of the most widely accepted schemes separates 
patients into the following types (Fig. 42-8):

l Type I: branches of the aortic arch.
l Type IIa: ascending aorta, aortic arch, and its branches.
l Type IIb: type IIa plus thoracic descending aorta.
l Type III: thoracic descending aorta, abdominal aorta, or renal 

arteries, or a combination.
l Type IV: only abdominal aorta or renal arteries, or both.
l Type V: segments of the entire aorta and its branches.

Type V is the most common.
Morbidity results primarily from extremity claudication, less 

often from cardiac, renal, and central nervous system (CNS) 
 vascular disease. Undetected and/or untreated hypertension is a 
signi ficant cofactor in these disease sequelae. Mortality estimates 
range from just 3% at 8 years to 35% at 5 years’ follow-up. Causes 
of death include stroke, congestive heart failure, sudden death 
of uncertain cause, and unrecognized or inadequately treated 
hypertension.14,15

Differential Diagnosis
A thorough and careful investigation is necessary to distinguish 
Takayasu's arteritis from its mimics (Box 42-1). Congenital and 
acquired disorders of tissue matrix may present with aortic root 
diltation, valvular insufficiency, and aneurysms in other sites; 
 however, they are not generally associated with large-vessel ste-
noses, the hallmark of Takayasu's arteritis. In many cases, there are 
also genetic studies and extravascular features that help identify 
the syndromic disorders (e.g., Marfan, Loeys-Dietz, Ehlers-Danlos 
 syndromes). Exceptions better known for matrix abnormali-
ties usually leading to stenoses are fibromuscular dysplasia and 
Grange's syndrome.16

Although other autoimmune disorders can be associated 
with large-vessel vasculitis, they are most often distinguished 
by their other associated disease manifestations and age prefer-
ences. Aortitis restricted to the aortic arch has emerged as one of 
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 numerous examples of single-organ vasculitis. Distinguishing it 
from Takayasu's arteritis requires complete evaluation of the large-
vessel anatomy and careful follow-up over years to be certain that 
it is not the first sign of Takayasu's arteritis. It is important to distin-
guish  isolated aortitis from Takayasu's arteritis because after surgi-
cal intervention, further therapy is usually not required.10,17,18

A significant and often underappreciated overlap exists between 
Takayasu's arteritis and giant cell arteritis[GCA], a disease of the 
elderly (mean age at diagnosis ≈70). A recent comparative cohort 
study of Takayasu's arteritis and GCA identified numerous shared 
features of disease, much of this coming to light with the advent 
and increased use of noninvasive vascular imaging  studies.19 
Takayasu's arteritis and GCA may be  indistinguishable in patients 
who present in middle age (45-55 years of age) with large-artery 
stenoses and less often aneurysms, especially of the aortic root.

Infectious causes of large-vessel aneurysms should always be 
considered irrespective of age or gender. Stenosis of large vessels 
is unusual in the setting of infection, where aneurysms dominate.

Diagnosis
Serological tests do not exist to identify Takayasu's arteritis. Rarely, 
the diagnosis is first considered after a surgical procedure provides 
biopsy findings that are compatible with the diagnosis. Most often 

the diagnosis is based on clinical findings in the presence of com-
patible vascular imaging abnormalities.20,21

Catheter-directed angiography allows for luminal imaging 
and pressure measurements and provides opportunities for 
 intervention (e.g., angioplasty), but it provides little direct infor-
mation about the vessel wall. Computed tomography (CT) or mag-
netic resonance imaging and angiography (MRI/MRA) provide 
more  information regarding vessel wall thickening and edema, but 
the clinical implications of these findings, although suggestive of 

SC

CC

CC

FIGURE 42-3 Angiography demonstrating stenoses of left subclavian 
(SC) and bilateral common carotid (CC) arteries.

CC

SC

Failed stenotic 
graft anastomosis 
LCC to SC

FIGURE 42-2 Magnetic resonance angiography (MRA) illustrating 
stenotic lesions involving aorta, left common carotid (CC), and left 
subclavian (SC) arteries.

FIGURE 42-1 Destruction of muscle and elastic fibers of the thoracic aorta, with aneurysm formation (arrow).
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active vascular disease, do not always correlate with disease activ-
ity or progression.22 Studies examining the use of combined CT 
and positron emission tomography (PET) imaging are underway 
to determine whether more useful information may be derived 
about the vessel lumen and wall. The presence or absence of 
increased tagged glucose uptake within large vessels may have 
improved sensitivity and specificity for identifying active disease 
in Takayasu's arteritis.23,24

Although systemic signs and symptoms or elevated acute-phase 
reactants may be suggestive of active disease, they are inadequately 
sensitive in patients who only have vascular symptoms or findings. 
Sequential angiographic evaluations have revealed progression 
of disease, based on the presence of new vascular abnormalities, 

FIGURE 42-4 Angiography demonstrating stenosis of distal internal 
carotid artery (ICA).

FIGURE 42-5 Magnetic resonance angiography (MRA) showing 
bilateral common iliac and renal arterial stenoses.

FIGURE 42-6 Angiography demonstrating bilateral renal artery lesions 
mimicking fibromuscular dysplasia (FMD).

FIGURE 42-7 Angiography demonstrating stenosis of abdominal aorta.

Angiographic Classification of Takayasu's Arteritis

Type I

Types can be further modified by:
C: involved coronary artery
P: involved pulmonary artery

Type IIa Type IIb Type III Type IV Type V

FIGURE 42-8 Classification of Takayasu's arteritis based on vessel 
involvement according to the International Conference on Takayasu 
Arteritis (1994).
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in more than 50% of patients with normal erythrocyte sedimenta-
tion rates.13 In addition, histopathological proof of vascular inflam-
mation has been documented in 44% of bypass specimens from 
patients with Takayasu's arteritis who underwent surgery at a time 
when their disease was believed to be quiescent.

Treatment
Essential to effective treatment is accurate determination of dis-
ease activity, a goal that may not always be possible. Kerr et al.13 
define active disease as any two or more of the following. New or 
worsening:

l Signs or symptoms of vascular ischemia or inflammation.
l Increase in sedimentation rate.
l Angiographic features.
l Systemic symptoms not attributable to another disease.

Although these features are helpful when present, their absence 
does not guarantee disease remission. These criteria combined 
with sequential imaging are currently the best, albeit imperfect, 
means of monitoring disease activity.

Glucocorticoid therapy induces improvement in nearly all 
patients and initial disease remission in about 50%, but in 96% of 
patients, relapses occur during the course of tapering medication 
(with a mean of 2.8 relapses per patient in one study).13,19 Therapy 
with other immunosuppressive agents may aid in achieving lower 
glucocorticoid  requirements in such individuals or those with 
glucocorticoid-responsive and relapsing disease. Low-dose meth-
otrexate was determined to be efficacious in diminishing gluco-
corticoid requirements in 13 of 16 patients in a National Institutes 
of Health (NIH) study.25 Shelhamer et al.26 demonstrated that cyclo-
phosphamide administered with glucocorticoid induced remis-
sion in four of six patients with relapsing disease on glucocorticoid 
treatment alone. The authors recommend  cyclophosphamide only 

for patients with severe active  disease. Patients generally achieve 
remission within 3 to 6 months, at which point cyclophospha-
mide should be changed to maintenance therapy with another 
immunosuppressive agent, such as methotrexate or azathioprine, 
to minimize the risk of cyclophosphamide toxicity. More recently, 
Molloy et al.27 treated 25 Takayasu's  arteritis patients who had 
refractory disease with   anti–tumor  necrosis factor therapy (princi-
pally infliximab) and found that 60% of them were able to achieve 
glucocorticoid-free disease remission, and an additional 28% 
achieved remission requiring less than 10 mg/day of prednisone. 
Randomized controlled trials are needed to assess the impact of 
such therapy in a larger cohort, with particular attention paid to the 
risk of reactivation of tuberculosis.

About 80% of patients require chronic immunosuppressive ther-
apy over extended periods. Only over the past 15 years have inves-
tigators recognized the chronic and relapsing nature of Takayasu's 
arteritis. Studies that have incorporated sequential angiogra-
phy have demonstrated that the majority of patients continue to 
develop new lesions in new vascular territories, even if they appear 
clinically to be in remission.11,13,15,19 Because clinical symptoms and 
serological tests are often unreliable in monitoring disease activity, 
serial imaging studies are routinely used for assessment of disease 
progression.

Hypertension is a major source of morbidity and mortality 
in Takayasu's arteritis. Delay in the diagnosis of hypertension 
is common because of the high frequency of subclavian and 
innominate artery involvement, which may result in underesti-
mation of central aortic pressure. Stenotic lesions also may be 
present in lower-extremity vessels, leaving some patients with-
out any extremity capable of providing cuff blood pressure 
measurements that reliably represent those within the aortic 
root (Figs. 42-9 and 42-10). This emphasizes the need for com-
plete vascular imaging at the time of diagnosis and during 
extended follow-up. Imaging should include the entire aorta 
and its primary branches. If stenoses of extremity vessels and/or 
the abdominal aorta preclude accurate determination of cen-

Autoimmune Disease
Behçet disease
Cogan's syndrome
Relapsing polychondritis
Ankylosing spondylitis
sarcoidosis
kawasaki disease
sjögren's syndrome*
systemic lupus erythematosus (sLE)*
Wegener's granulomatosis*
Rheumatoid arthritis*
Juvenile idiopathic arthritis*
immunoglobulin (ig)G4 systemic disease with aortitis
idiopathic single-organ vasculitis restricted to the aortic arch

Collagen Vascular Disease (Congenital or Acquired)
Fibromuscular dysplasia (FMD)
Marfan's syndrome (MFs)
Loeys-Dietz's syndrome
Ehlers-Danlos' syndrome (EDs)
Grange's syndrome
idiopathic aortic dissection/aneurysm

Infectious
Tuberculosis
syphilis
Staphylococcus aureus
Salmonella typhimurium
Coxiella burnetii

Other
Atherosclerotic vascular disease
Aortic aneurysm associated with congenital bicuspid aortic valve (BAV)

Box 42-1  Differential Diagnosis of Takayasu's 
Arteritis

*When vasculitis is a complication of these diseases, it most often takes the form of small-vessel 
disease.

FIGURE 42-9 Angiography demonstrating diffuse ectasia of abdominal 
aorta and bilateral common iliac arteries, significant stenosis of left iliac 
artery, and dilation of origin of celiac artery (arrow).



524

CH 
42

tral aortic pressure by using an extremity blood pressure cuff, 
invasive angiography should be considered to obtain direct 
central aortic pressure measurements and gradient determina-
tions. Effective blood pressure management is crucial and can 
be complex in Takayasu's arteritis. Even with reliable peripheral 
recordings, determining and attaining a target pressure range 
without causing compromised perfusion in the setting of arte-
rial stenotic lesions affecting major organs (e.g., cerebral or 
coronary stenoses) can be challenging. For this reason, careful 
monitoring is essential when intervention for blood pressure 
control is necessary. In addition, angiotensin-converting enzyme 
inhibitors (ACEIs) should be used with caution in the setting 
of renal artery stenosis, because this therapy blunts the renal 
autoregulatory response to decreased glomerular pressure. 
Decrease in glomerular filtration rate (GFR) results with lower-
ing of blood pressure and may lead to a clinically significant 
decline in renal function.

Arterial stenoses may affect any organ system. Intervention to 
correct lesions should be considered in the setting of severely 
impaired daily function or evidence of significant organ ischemia. 
Multiple studies demonstrate impressive initial patency rates of 
80% to 100% with percutaneous angioplasty.28–30 However, vascular 
restenosis occurs in 20% to 71% of cases followed up to 45 months 
post procedure. Case reports of drug-eluting stents (DES) in 
Takayasu's arteritis are encouraging and may increase patency 
duration. However, long-term studies in large numbers of patients 
will have to be performed before their use can be endorsed.

Bypass procedures also may be complicated by vessel resteno-
sis, but rates of sustained patency are higher than with angioplasty 
(65%-88%; mean follow-up period 44-60 months).30,31 One postop-
erative observational study of 29 patients demonstrated that dis-
ease activity at the time of surgery is a significant factor in bypass 
outcomes. In this study, patients with active disease at the time of 
operative intervention had 53% bypass graft patency rate at 5 years, 
whereas patients who were operated on when disease was quies-
cent had an 88% patency rate over the same period.32 Thus, when 
interventions are planned, it is preferred that they occur in the set-
ting of disease remission. Tissue should be obtained from the ori-
gin or insertion of grafts, since histopathological examination can 
provide critical information in assessing disease activity and later 
assist in medical management.

Patients with Takayasu's arteritis are generally young, but 
 disease-related complications may increase their surgical risk. A 
retrospective review of 106 consecutive patients with the disease 
noted 12 perioperative deaths (11.3%) following operative inter-
vention.33 Most deaths were due to cardiovascular complications, 

but other series document perioperative mortality as low as 0% 
to 3%.13,34 Surgical outcomes can be significantly affected by the 
experience of the surgical team and medical center in caring for 
patients with Takayasu's arteritis.

A multidisciplinary approach to the care of Takayasu's arteri-
tis patients is essential for optimizing patient outcomes. The team 
should include a rheumatologist, cardiovascular physician, imag-
ing specialist, and in the setting of critical stenoses or aneurysms, 
vascular and cardiothoracic surgeons.
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FIGURE 42-10 Angiography demonstrating multiple stenoses of deep 
femoral arteries (DFAs).
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Giant-cell (temporal) arteritis (GCA) is a chronic inflammatory 
 arteritis that preferentially involves large and medium-sized arter-
ies and affects persons older than 50 years of age. Although autopsy 
studies have shown that the aorta and its major tributaries are almost 
invariably involved, most of the major clinical manifestations and 
complications of the disease arise from involvement of the carotid 
artery branches and include headaches, visual loss, and stroke.1–3 
Aneurysms due to aortitis, as well as extremity arterial occlusions and 
claudication, can also be seen in GCA, especially in late disease.4,5 
Histopathological diagnosis is usually determined from examination 
of a biopsy of the superficial temporal artery (Figs. 43-1 and 43-2).

Some 50% of patients with GCA develop polymyalgia rheumatica 
(PMR), a clinically defined syndrome consisting of aching and stiff-
ness in the neck, shoulders, or pelvic girdle. Polymyalgia rheumat-
ica can also exist as a distinct entity with no evidence of vascular 
involvement.6

This chapter presents the epidemiology, pathophysiology, clin-
ical manifestations, and treatment options for GCA, with parti-
cular reference to manifestations likely encountered by vascular 
 medicine specialists.

Epidemiology
Giant-cell arteritis characteristically occurs in people older than 
50 years of age, and its frequency increases with age. Maximal 
incidence of GCA occurs in persons between 75 and 85, and it 
is twice as  frequent in women as men. Although there is a mark-
edly increased  incidence of GCA among Caucasians in northern 
Europe and in populations with similar ethnic background,7 the 
disease can occur in all populations. Giant-cell arteritis is not an 
uncommon disease. Studies conducted in northern Europe and 
North America disclose an annual incidence of 19 to 32 cases per 
100,000 people older than 508,9 and a rate of 49 per 100,000 for indi-
viduals in their 80s.7,9 In Mediterranean countries, the annual inci-
dence is lower, about 6 to 10 cases per 100,000.10,11 Isolated PMR is 
even more frequent, with an  average annual incidence of 52 per 
100,000 among people older than age 50.6,7

Pathology
In the large and medium-sized arteries involved in GCA, the vessel 
wall is infiltrated by T lymphocytes and macrophages, frequently 
forming a granulomatous reaction with the presence of multinu-
cleated giant cells12 (see Fig. 43-2). Scattered polymorphonuclear 
leukocytes can be occasionally identified. B lymphocytes are 
scarce and natural killer (NK) cells are virtually absent.13

Inflammatory infiltrates usually reach the artery through the 
adventitial layer and subsequently expand to involve the entire 
vessel thickness. Extent of inflammatory infiltrates is highly vari-
able among patients and even varies in different sections of the 
same specimen. The internal elastic lamina is usually disrupted, 
and giant cells often accumulate in its vicinity but are not required 
for the diagnosis. In well-developed lesions, the lumen is occluded 
by intimal hyperplasia. In some specimens, inflammation of the 
vasa vasorum and small vessels surrounding the temporal artery 
is the only apparent abnormality.14 When inflammation of small 
branches is the only abnormality, other forms of systemic  small- 
and medium-vessel vasculitis must be excluded.

Inflammatory lesions are typically segmental and preferentially 
distributed along the carotid and vertebral arteries. Intracranial 
 vessels are usually spared. Small arteries and arterioles in the 
vicinity of the superficial temporal artery are almost invariably 
involved.14 Autopsy studies have demonstrated that inflammatory 
infiltrates are often detected in the aorta and its major tributaries.15

Histopathological findings in PMR include chronic synovitis and 
bursitis of proximal joints.16,17 Synovitis is usually mild, and inflam-
matory infiltrates contain CD4 T lymphocytes and macrophages, 
with scarce granulocytes. Muscle biopsies do not disclose specific 
abnormalities.

Pathogenesis
Genetic Predisposition
The predominance of GCA and PMR among Caucasians, especially 
those of northern European origin, strongly suggests a genetic com-
ponent in the pathogenesis of GCA and PMR. A higher prevalence 
of HLA class II alleles DRB1*04 has been reported among patients 
with GCA and PMR compared to the general population.18 Certain 
polymorphisms of genes involved in immune and inflammatory 
responses, such as tumor necrosis factor (TNF)-α, vascular endo-
thelial growth factor (VEGF),19,20 endothelial nitric oxide synthase 
(eNOS),21 intercellular adhesion molecule (ICAM)-1,22 interleukin 
(IL)-6, and mannose-binding lectin23 among others,24 appear to be 
more frequent in patients with GCA than in the general population. 
The influence of these polymorphisms in the development of GCA 
remains undefined but is under active investigation.

Possible Triggering Agents
Several observations suggest that GCA may be caused by an envi-
ronmental triggering agent yet to be defined. Cyclic fluctuations 
in the incidence of GCA occurring every 6 or 7 years have been 
reported.9 Additionally, the characteristic granulomatous  reaction 
with multinucleated giant cells has also prompted a search for 
an infectious agent that may cause a delayed-type hypersensi-
tivity reaction. However, attempts to identify specific pathogens, 
including Chlamydia pneumoniae and parvovirus B19, have led to 
 conflicting results,25,26 and the search for an infectious etiology of 
GCA continues.27

Immunopathogenic Mechanisms
It has been postulated that inflammatory lesions in GCA develop as 
a consequence of an antigen-specific immune response against anti-
gens present in the vessel wall. Activated dendritic cells have been 
detected in inflammatory lesions of GCA,13,28 where they are thought 
to serve as antigen-presenting cells and provide  co-stimulatory  
signals for CD4 T-cell activation. Innate immune system activation 
through Toll-like receptors (TLRs) seems to be relevant in the acti-
vation of dendritic cells.29 Immunopathological studies have dem-
onstrated that inflammatory infiltrates in GCA mainly consist of 
activated macrophages and T lymphocytes, particularly of the CD4 
subset.13 Expansion of CD4 T-lymphocyte clones derived from dif-
ferent areas of temporal artery biopsy specimens has shown that 
some of them share identical sequences at the third complemen-
tary determining region of the T-cell receptor,30 suggesting a specific 
immune recognition of a disease-relevant antigen. CD4 T lympho-
cytes undergo T helper 1 (TH1) differentiation, with vigorous produc-
tion of interferon (IFN)-γ, a key cytokine in macrophage activation 
and granuloma formation.31 Interleukin-17 is also produced in GCA 
lesions, providing evidence for the participation of TH17-mediated 
responses in the pathophysiology of GCA.32

Mechanisms of Vascular Injury
Multiple processes have been implicated in the vascular injury 
seen in GCA. Activated macrophages produce oxygen radicals and 
proteolytic enzymes that participate in disruption of the vessel wall 



526

CH 
43

and tissue destruction.33,34 Increased levels of lipid peroxidation 
products, aldose reductase, inducible nitric oxide synthase (iNOS), 
and functionally active matrix metalloproteases MMP-2 and MMP-9 
have been demonstrated in GCA.33,35

Systemic Inflammatory Response
Activated macrophages produce proinflammatory cytokines IL-1, 
TNF-α, and IL-6, which are major inducers of the systemic inflam-
matory response (fever, weight loss, anemia, and hepatic synthe-
sis of acute-phase proteins) often prominent in patients with GCA. 
Expression of these cytokines in the arterial tissue of patients, as 
well as circulating levels of TNF-α and IL-6, correlate with the inten-
sity of the systemic inflammatory reaction.36 As discussed later, 
these cytokines are able to activate proinflammatory cascades such 
as chemokine release, adhesion molecule expression, and angio-
genesis. Although each of these cascades may amplify and main-
tain the inflammatory process,37 some of their effects on vessel wall 
components might be protective against vascular occlusion.

Vascular Response to Inflammation
Vessel wall components, particularly endothelial cells (ECs) 
and smooth muscle cells (SMCs), actively react to cytokines 

and growth factors released by infiltrating leukocytes. Vascular 
response to inflammation leads to amplification and perpet-
uation of the inflammatory process and vessel occlusion.37 
Inflammation-induced angiogenesis is remarkable in GCA 
lesions and preferentially occurs at the adventitial layer and 
within inflammatory infiltrates, particularly in granulomatous 
areas at the intima media junction.38,39

Neovessels may have a protective role at distal sites where 
providing new blood supply may prevent organ ischemia.39 
Additionally, neovessels provide a population of ECs that may 
exert a variety of proinflammatory activities.38 Vascular response 
to inflammation may eventually lead to vessel occlusion, with 
subsequent ischemia of the tissues supplied by involved vessels. 
In GCA, vessel occlusion results mostly from intimal hyperpla-
sia driven by proliferation and matrix production by myointimal 
cells; platelet-derived growth factor (PDGF) and transforming 
growth factor (TGF)-β appear to be crucial cytokines in this 
process.37

Clinical Manifestations
Patients with GCA may present with a wide variety of clinical 
 features, summarized in Table 43-1. Disease-related manifestations 
may appear rapidly or develop insidiously. A delay of weeks or 
even months between the onset of clinical symptoms and diag-
nosis is common, particularly in patients with predominantly 
systemic complaints in whom more prevalent diseases (e.g., infec-
tions, malignancies) are usually suspected. Ischemic complica-
tions tend to accumulate in some patients and are frequently early 
events during the course of the disease.40,41

Some data suggest that an initial presentation of GCA that 
includes signs and symptoms of systemic inflammation (elevated 
acute phase reactants, fever, anemia, weight loss) is associated 
with a specific pattern of clinical illness. For unclear reasons, 
patients with a strong systemic inflammatory response are at 
lower risk of ischemic events but are more refractory to ther-
apy40,42 than patients with a seemingly weaker initial inflamma-
tory response. Similarly, as with cranial ischemic complications, 
symptomatic stenosis of large vessels has been shown to be neg-
atively associated with prominent inflammatory markers at the 
time of diagnosis.43

Systemic Manifestations
Patients with GCA or PMR frequently experience malaise, anorexia, 
weight loss, and depression.1,3,44 Nearly 50% of patients with GCA 
have fever, and in some patients, fever or constitutional symptoms 
are the most prominent findings. Approximately 10% of patients 
present with fever of unknown origin with subtle or no cranial 
manifestations.6

FIGURE 43-1 Enlarged, hardened, and pulseless temporal and frontal 
arteries in a patient with giant cell arteritis (GCA).

A B

FIGURE 43-2 Classic fully develo
ped lesions in temporal artery 
biopsy specimens from patients 
with giant cell arteritis (GCA). A, 
Inflammatory infiltrates involving entire 
arterial wall and predominating at 
adventitial layer and intima media 
junction, where a granulomatous 
reaction around internal elastic lamina 
can be appreciated. Note prominent 
intimal hyperplasia virtually occluding 
lumen. B, Enlargement of another 
specimen. Thin arrows indicate multi
nucleated giant cells.
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Clinical Manifestations of Cranial Arterial 
Involvement
Headache is one of the most common and classic symptoms and 
occurs in 60% to 98% of cases of GCA.6 Intensity and location of 
headache are highly variable, but it frequently predominates at 
the temporal areas. Scalp tenderness is also common. About 40% 
of patients experience jaw claudication when eating, a symptom 
highly specific for GCA but occasionally seen in other  vascular 
diseases (e.g., necrotizing vasculitis, systemic amyloidosis). Other 
manifestations, such as facial swelling, tongue ischemia, or edema, 

are less frequently seen6,45 (see Table 43-1). Patients may also 
 present with a variety of unusual pains in the craniofacial area, 
including ocular pain, earache, toothache, odynophagia, odontal-
gia, and carotidynia. When certain of these symptoms predominate, 
a substantial delay in diagnosis is common.

Visual impairment is the most feared complication of GCA and 
occurs in approximately 15% of cases. Blindness is most commonly 
due to anterior ischemic optic neuropathy derived from inflamma-
tory involvement of posterior ciliary arteries supplying the optic 
nerve. Less frequently, central retinal artery occlusion, retrobulbar 
neuritis, or cortical blindness can occur. Visual loss can be bilateral 
or unilateral, complete or partial. It usually appears suddenly but is 
often preceded by transient visual loss (amaurosis fugax), diplopia, 
or occasionally, blue vision.

Less common ischemic complications include stroke due to 
involvement of carotid or vertebral tributaries, and scalp or tongue 
necrosis. Strokes, when they do occur, are more frequent in ter-
ritories supplied by the vertebral arteries (Fig. 43-3). Additional 
ischemic manifestations include hearing loss and vestibular 
dysfunction.46

Cardiac, Aortic, and Peripheral Vascular 
Manifestations
Aortitis and inflammatory involvement of the main branches of 
the aorta are more common in GCA than generally appreciated 
(Fig. 43-4). In a small autopsy series, aortic inflammation was 
observed in 12 out of 13 patients with GCA. Imaging techniques are 
now used to indirectly measure aortic inflammation in  living indi-
viduals. Evidence of probable aortic involvement can be detected 
by positron emission tomography (PET) or computed tomographic 
angiography (CTA) in 50% to 65% of patients at the time of diagno-
sis47,48 (see Fig. 43-4). Aortic involvement is asymptomatic unless 
aortic dissection or dilation occurs (Fig. 43-5). Systematic screen-
ing of 54 patients revealed that aortic dilatation occurs in 22.5% of 
patients after a median follow-up of 5.6 years. Interestingly, unlike 
noninflammatory aortic disease, there is a markedly increased 
ratio of thoracic to abdominal aortic aneurysms in patients with 
GCA, and the risk of thoracic disease may be 17-fold higher among 
patients with a history of GCA.49

Giant cell arteritis may also involve aortic branches (see Fig. 43-4). 
Positron emission tomography scan studies show that subclavian 
arteries may be involved in 70% of patients, axillary arteries in 40%, 
iliac arteries in 37%, and femoral arteries in 37%. Studies using color 
duplex ultrasonography (US) have disclosed abnormalities in these 
territories in about one third of patients.50 Distal lower-limb arteries 
(e.g., femoropopliteal,  tibial, peroneal) may also be affected.5 Although 
in most instances, extremity involvement is asymptomatic, some 

General Features

Age (mean, range) 75 (5094)
Sex (female/male) 178/72
Weight loss 61%
Fever 47%

Cranial Symptoms 86%
Headache  77%
Temporal artery abnormality (swollen, tender, weak/absent 

pulse)
 74%

Jaw claudication  44%
Scalp tenderness  39%
Facial pain  18%
Earache  18%
Odynophagia  12%
Ocular pain  8%
Tongue pain  5%
Carotodynia  5%
Toothache  5%
Trismus  1%

Ophthalmic Events 22%
Blindness (permanent)  14%

Amaurosis fugax  10%

Transient diplopia  4%

Cerebrovascular Accident 2%
Symptomatic Large Vessel Involvement (Claudication 

and/or Bruit)
5%

Polymyalgia Rheumatica (PMR) 48%

TABLE 43-1  Clinical Findings in a Series of 250 Patients 
with Giant Cell Arteritis

Modified and reprinted from Cid MC , HernandezRodriquez J, Grau JM: Vascular manifes
tations in giantcell arteritis. In Asherson RA, Cervera R, editors: Vascular manifestations of 
 systemic autoimmune diseases, London, 2001, CRC Press.

A B

FIGURE 43-3 Neurological compli
cations in giant cell arteritis (GCA). 
A, Magnetic resonance imaging (MRI) 
discloses multiple ishemic lesions in 
vertebral territory in patient with GCA 
presenting with subacute dementia 
and ataxia. B, Stenosis in left vertebral 
artery in patient with GCA presenting 
with recurrent transient ischemic 
attacks (TIAs).
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patients develop claudication and even critical ischemia when sig-
nificant vascular stenoses occur. Large-vessel occlusions are usually 
late  manifestations of GCA, often occurring years after initial diagno-
sis. When they become clinically significant, they often are misdiag-
nosed as secondary to atherosclerotic disease. For this reason, the 
frequency of clinically relevant peripheral artery disease in GCA is 
not well known.

Patients with GCA should be followed indefinitely for compli-
cations of large-vessel disease, even when there is no evidence of 
other active disease. In patients with GCA, aortic valvular disease, 
aortic aneurysms or dissections, and peripheral vascular occlu-
sions should all be considered possibly related to vasculitis. New 
vascular bruits or cardiac murmurs, asymmetry in blood pressure 
readings, weak or absent peripheral pulses, and limb claudica-
tion or ischemia are all warning signs easily inquired about and 
 examined for in physicians’ offices.

Myocardial or mesenteric infarction due to GCA is seen infre-
quently.51 Because GCA occurs in older people, some cases of 
inflammatory coronary or mesenteric arteritis may be misdiag-
nosed as due to atherosclerotic disease. Even among patients with 
GCA, however, atherosclerosis is a much more common cause of 
cardiac or mesenteric ischemia than vasculitis. With increased 
interest in the role of inflammation in coronary artery disease 
(CAD) and new tools to study the disease process, investigators are 
now  better able to study the contributions, if any, of inflammatory 
arteritis to CAD among patients with GCA and other vasculitides.

Polymyalgia Rheumatica
Approximately 50% of patients with GCA present with symptoms 
of PMR, a syndrome clinically defined by the presence of aching  

and stiffness in the neck, shoulders, or pelvic girdle. Pain is 
 exacerbated with movement. Morning stiffness is a prominent 
finding and may last for many hours. Proximal muscles are usually 
 tender, but true weakness or myopathy is not seen. Ultrasonography, 
 magnetic  resonance imaging (MRI), and PET studies indicate that 
the underlying abnormalities are synovitis and bursitis of  proximal 
joints.44,52

Polymyalgia rheumatica can appear simultaneously with  cranial 
symptoms or may precede development of GCA symptoms by 
months or even years. Some patients without PMR develop PMR 
symptoms during GCA relapses, and PMR may sometimes be the 
only clinical manifestation of GCA.53

Polymyalgia rheumatica can exist as an isolated entity without 
any evidence of vascular inflammation. The epidemiology and 
immunogenetic backgrounds of patients with isolated PMR are 
similar to those reported for GCA. Temporal artery biopsies disclos-
ing GCA can be demonstrated in about 10% to 20% of patients with 
apparently isolated PMR. This frequency is much lower when cra-
nial symptoms are ruled out by a detailed inquiry, and abnormali-
ties at careful  physical examination of the temporal arteries are 
excluded. It is important that patients with PMR be followed with 
the same rigor as patients with GCA.

Patients with GCA may develop peripheral synovitis; knees, 
wrists, and metacarpophalangeal joints are most frequently 
involved. Peripheral manifestations usually occur in patients 
with PMR but may also occasionally appear in patients with-
out proximal symptoms of PMR. Other associated manifesta-
tions include tenosynovitis, carpal tunnel syndrome, and distal 
swelling with  pitting edema.44,54 Some patients develop a clini-
cal picture  indistinguishable from seronegative rheumatoid 
arthritis.44

A B C

FIGURE 43-4 Largeartery involvement in giant cell arteritis (GCA). A, Concentric thickening with contrast enhancement of thoracic descending aorta in 
patient with newly diagnosed GCA (computed tomographic angiography [CTA]). B, Bilateral subclavian stenosis in patient with newly diagnosed GCA and subclavian 
bruits (magnetic resonance angiogram [MRA]). C, Subclavian, axillary, aortic, and iliac arteries fluorodeoxyglucose18 (18FFDG) uptake in patient with active GCA 
(positron emission tomography [PET] scan).

A CB
FIGURE 43-5 Aortic aneurysm in patient with giant cell arteritis (GCA) discovered 5 years after diagnosis. A, Plain chest radiography. B, Computed 
tomography (CT). C, Histology from surgical specimen showing remaining scattered inflammatory infiltrates.
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Incidentally Discovered Giant Cell Arteritis
Occasionally, GCA may be unexpectedly diagnosed when vascu-
lar surgical specimens reveal arteritis with or without giant cells. 
In these patients, retrospective investigation may reveal prior signs 
or symptoms attributable to GCA. Several retrospective surgical 
or autopsy series of aortic specimens have demonstrated rates of 
nonsyphilitic aortitis ranging from 1% to 15%.55,56 In most instances, 
aortitis involved the thoracic aorta, and the majority of cases were 
in women. Fewer than 50% of these cases were associated with 
an identifiable clinical syndrome such as GCA. In a series of 1204 
aortic surgical specimens from one institution, 52 (4.3%) demon-
strated idiopathic aortitis, and only 12 of the 52 were found to have 
a non-GCA inflammatory disease.55 Because a subset of patients 
with idiopathic aortitis may go on to develop additional clini-
cally important manifestations of GCA, it seems prudent to evalu-
ate and follow such patients as one would cases of more clearly 
 diagnosed GCA.57

Physical Examination
Physical examination is extremely important, not only for initial 
evaluation of patients with possible GCA but also for following 
patients after the diagnosis has been established. Blood pres-
sure measurements should be taken in both arms at each visit 
(and periodically in both legs). Asymmetry of pressures may 
 indicate aortic, subclavian, or other peripheral artery involve-
ment. A  careful comprehensive examination of all pulses is key 
to evaluating GCA. The temporal arteries may be swollen, hard, 
or pulseless in GCA, although they may appear fully normal even 
in arteries later found to have active arteritis. At times, just a slight 
asymmetry, decrease, or irregularity in the pulse can be detected in 
 temporal or other cranial arteries. Auscultation for bruits should 
be performed over carotid, subclavian, axillary, renal, iliac, and 
other arteries and the aorta. The scalp should be examined for 
tenderness. Ophthalmological examination, including fundus-
copy, visual field assessment, and acuity testing, should be per-
formed for evidence of optic ischemia or other abnormalities of 
GCA. Evidence of synovitis or enthesitis should be sought. A com-
prehensive examination is important to help evaluate patients for 
disorders with  overlapping features of GCA.

Laboratory Findings
With few exceptions, both GCA and PMR are characterized by a 
strong acute-phase reaction. The erythrocyte sedimentation rate 
(ESR) is usually markedly elevated, frequently around 100 mm/h 
(Westergren method). Plasma concentrations of acute-phase 
 proteins such as C-reactive protein (CRP), haptoglobin, and 
fibrinogen are also elevated. Protein electrophoresis shows an 
increase in α2 globulins. Thrombocytosis and chronic disease–
type  anemia are common, and some patients have abnormal 
liver function tests, particularly increased levels of alkaline phos-
phatase.6 Hyperbilirubinemia with visible jaundice is rare but 
may also occur. Symptomatic anemia may occasionally be the 
first clinical manifestation of GCA. Nonspecific immunological 
abnormalities, such as decreased numbers of circulating CD8 
lymphocytes and elevated levels of soluble IL-2 receptors, are 
common in GCA and PMR.6

Several monocyte and EC activation products can be detected 
at increased concentrations in plasma from patients with GCA and 
PMR. These include cytokines such as IL-6 and TNF-α, soluble adhe-
sion molecules such as ICAM-1, and von Willebrand factor (vWF) 
antigen.6,37,58,59 The role these or other cytokines or cellular markers 
may play in the diagnosis and management of GCA is an area of 
active investigation.

Diagnosis
Diagnosis of GCA is arrived at by a combination of clinical 
 history, physical examination findings, laboratory studies, and 

 arterial biopsy results. No one feature or finding is fully diagnostic  
on its own, since even “positive” temporal artery biopsies can 
occasionally be seen in other types of arteritis, and other disor-
ders can also result in similar systemic features, headaches, or 
visual changes. Nonetheless, a positive temporal artery biopsy 
is an extremely strong finding and is almost always diagnostic. 
Similarly, no  feature or finding is absolutely required to make 
the diagnosis. For  example, the ESR may be normal in up to 10% 
of patients with GCA at presentation, but certain symptoms and 
findings should prompt a high suspicion of GCA. It is the initial 
consideration of GCA that is crucial for initiating the diagnostic 
process that often leads to empirical treatment even before a 
diagnosis is fully established.

In parallel with an evaluation of GCA itself, physicians will usu-
ally need to consider alternative diagnoses such as brain lesions, 
infections, or malignancies and conduct appropriate evaluations 
for these disorders. Even if GCA is established by history and biopsy, 
other inflammatory vasculitides, such as granulomatosis with poly-
angiitis (GPA;  Wegner's) or polyarteritis nodosa (PAN), must at least 
be considered and screened for, since they can rarely present with 
temporal artery involvement. Finally, although there are differences 
between patients with GCA and Takayasu's arteritis (TA) in terms 
of the frequency of specific clinical manifestations, responses to 
therapy, use of non-glucocorticoid immunosuppressive agents, and 
outcomes, there are many similar features. Thus all patients with 
either diagnosis should be screened for manifestations of the other.

In evaluating and treating patients with GCA, the best manage-
ment often includes collaboration among rheumatologists, ophthal-
mologists, neurologists, and vascular medicine specialists.

Temporal Artery Biopsy
Histopathological examination of a temporal artery biopsy often 
provides the definitive diagnosis of GCA.12 The area to be excised is 
carefully selected, guided by symptoms and physical examination 
findings. At least a 2- to 3-cm fragment should be removed, and 
multiple sections examined histologically. When the initial biopsy 
is negative for evidence of GCA, excision of the contralateral 
artery is not routinely recommended but may increase diagnostic 
sensitivity in selected cases. Temporal artery biopsy is highly sen-
sitive for the diagnosis of GCA.60 Occasionally, the temporal artery 
may be involved in the context of other systemic vasculitides or 
other disorders such as systemic amyloidosis.12,61,62 When systemic 
necrotizing vasculitis involves the temporal artery or its tributaries, 
it may present with cranial symptoms and  complications similar 
to GCA.

Although the diagnostic yield of a temporal artery biopsy (if 
performed appropriately) is high, a normal temporal artery biopsy 
does not necessarily exclude GCA, owing to the segmental distri-
bution of inflammatory infiltrates or involvement of other arter-
ies. In only 10% of patients with negative temporal artery biopsy 
results obtained from biopsy performed and processed under opti-
mal conditions is clinical suspicion strong enough to  recommend 
long-term glucocorticoid therapy.60 Given the frequent  existence 
of overlapping features among vasculitides, criteria sets have been 
established to classify patients with vasculitis into specific cate-
gories. The most commonly used classification criteria are those 
of the American College of Rheumatology63; the criteria for GCA 
are outlined in Box 43-1. Although not intended for use diagnos-
tically, these criteria are useful when evaluating patients. Also, 
they are adopted for use as inclusion criteria for most research 
 studies of GCA. However, to ensure that patients with nonvasculitic 
 conditions are not mistakenly labeled as having GCA, caution must 
be exercised when applying these criteria. Classification criteria for 
this and other vasculitides are currently under reconsideration.64

Diagnostic Imaging
A variety of imaging modalities are under investigation for use in 
the diagnosis and long-term management of GCA.65 These modal-
ities include ultrasound, MRI, PET or PET-computed tomography 
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(CT), and conventional  contrast angiography (see Fig. 43-4). Lack 
of standardization for these modalities, wide variations in avail-
able equipment, absence of proper validation studies or long-term 
data, necessity of differentiating GCA findings from those of ath-
erosclerotic disease, and the high cost of some studies are all lim-
iting factors to more widespread adoption, but are all areas where 
progress is anticipated in the next decade. Furthermore, as these 
imaging techniques continue to be used extensively for evalua-
tion of patients with fever of unknown origin, presumed cancer, 
or atherosclerotic disease, additional patients who actually have 
inflammatory vascular disease are likely to be encountered and 
diagnosed. Thus, vascular medicine specialists, vascular surgeons, 
and vascular radiologists will need to consider GCA more when 
reviewing such imaging studies.

Color duplex US and high-resolution MRI of the cranial arter-
ies may be particularly useful in diagnosing GCA. The ultrasono-
graphic finding of a dark hypoechoic halo surrounding the lumen, 
or MRI evidence of thickening and contrast enhancement of the 
artery wall, have remarkable specificity.66 Although temporal artery 
biopsy is the gold standard for diagnosis, these other techniques 
may be useful for biopsy site selection. They are increasingly con-
sidered as potential surrogates when biopsy is not feasible or 
when other arteries such as the occipital or axillary arteries are 
involved.50 Imaging techniques also may have a complementary 
role in evaluating other vascular territories; this is an area of active 
investigation.

Conventional invasive contrast angiography may con-
firm involvement of large vessels in patients with bruits or limb 
 claudication. Additional advantages of angiography include the 

ability to  measure blood pressure at various locations to evaluate 
the functional effect of stenoses and as a prelude for intervention 
with angioplasty or stent placement. The invasive nature and risks 
of conventional angiography preclude its routine use for screening 
purposes or for serial examinations.

MRI/MRA and CT/CTA are increasingly used imaging modali-
ties for screening and evaluating large-vessel disease in GCA.65,67,68 
Although MR or CT can detect luminal narrowing, arterial wall 
thickness, and wall enhancement, corresponding to inflamma-
tion, specificity of these findings as indicators of active vasculitis 
is unclear, and the tests are not sufficiently reliable to be the sole 
basis of treatment decisions. Nevertheless, MR is a relatively low 
risk method to screen and monitor patients for large-vessel disease 
in GCA and is increasingly part of the standard management for 
such patients.

Fluorodeoxyglucose-18 (18F-FDG) PET is another promising 
modality for evaluating patients with suspected GCA. Positron 
emission tomography scans may demonstrate FDG uptake in the 
aorta and its branches in patients with GCA, and also in some 
patients thought to have just PMR.69 As with MRI/MRA testing, 
the prognostic importance of detecting large arterial changes 
by 18F-FDG PET in asymptomatic patients with GCA is unclear. 
Furthermore, FDG uptake in the abdominal aorta and arteries 
of the lower limbs also can be seen in severe atherosclerosis, so 
specificity is lower in these locations.70 Its diagnostic sensitivity 
and specificity have to be tested in larger studies, but 18F-FDG 
PET may have a role in evaluation of vascular inflammation in 
patients with atypical symptoms, patients with fever of unknown 
origin, and when assessing vascular involvement in patients with 
apparently isolated PMR. The combination of PET with CT imag-
ing may also have a role in evaluating these patients because it 
takes advantage of the properties of both techniques.

Diagnosis of Polymyalgia Rheumatica
Diagnosis of PMR relies at present on clinical criteria; imaging 
modalities may provide supportive evidence.71 Magnetic reso-
nance imaging, PET, and ultrasound are able to detect subdeltoid 
or trochanteric bursitis, biceps tenosynovitis, or glenohumeral or 
hip synovitis, the sources of many polymyalgic symptoms.44,52,71,72 
Recently an American College of Rheumatology/European League 
Against Rheumatic Disease classification algorithm71 has been pro-
posed (Table 43-2). Polymyalgia rheumatica diagnosis requires 
evaluation to exclude other disorders, particularly rheumatoid 
arthritis, but also inflammatory myopathies, other vasculitides, and 
infections that occasionally present with similar symptoms.

CRITERIA POINTS WITHOUT ULTRASOUND (0-6) POINTS WITH ULTRASOUND (0-8)†

Morning stiffness >45 minutes 2 2

Hip pain or limited range of motion 1 1

Normal RF or ACPA 2 2

Absence of other joint movement 1 1

At least one shoulder with subdeltoid bursitis and/or biceps 
 tenosynovitis and/or glenohumeral synovitis (either posterior or 
axillary) and

At least one hip with synovitis and/or trochanteric bursitis

NA 1

Both shoulders with subdeltoid bursitis, biceps tenosynovitis, or 
glenohumeral synovitis

NA 1

From Dasgupta B, Cimmino MA, MaraditKremers H, et al: International Polymyalgia Rheumatica Classification Criteria Work Group. European League Against Rheumatism/American College of 
Rheumatology classification criteria for polymyalgia rheumatica. Ann Rheum Dis 71: 484–492, 2012.

*Required criteria: age ≥50 years, bilateral shoulder aching, and abnormal CRP and/or ESR. A score of 4 or more is categorized as polymyalgia rheumatica (PMR) in the algorithm without 
 ultrasound and a score of 5 or more is categorized as PMR in the algorithm with ultrasound.
†Optional ultrasound criteria.
ACPA, anticitrullinated protein antibody; CRP, Creactive protein; ESR, erythrocyte sedimentation rate; NA, not applicable; RF, rheumatoid factor.

TABLE 43-2 Polymyalgia Rheumatica Classification Criteria Scoring Algorithm*

1. Age at disease onset ≥50 years
2. New onset of headache or new type of localized pain in the head
3. Temporal artery tenderness or decreased pulsation
4. ESR ≥50 mm/h (Westergren)
5. Temporal artery biopsy showing vasculitis with a predominance of 

mononuclear cells or granulomatous inflammation, usually with 
multinucleated giant cells

Box 431  American College of Rheumatology 
Criteria for Classification of Giant Cell 
(Temporal) Arteritis

ESR, erythrocyte sedimentation rate. 
From Hunder GG, Bloch DA, Michel BA, et al: The American College of Rheumatology 1990 
criteria for the classification of giant cell arteritis. Arthritis Rheum 33:1122–1128, 1990.

A patient is considered to have giant cell arteritis (GCA) if at least three of the above criteria 
are present. Presence of any three or more criteria yields a sensitivity of 93.5% and a specificity 
of 91.2%.
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Treatment and Management
Glucocorticoid therapy is the treatment of choice for GCA and in 
most cases induces a dramatic amelioration of disease manifesta-
tions within a few days. The most widely recommended initial dose 
is 40 to 60 mg/day of prednisone (or equivalent glucocorticoid). 
Presence of transient ocular manifestations (e.g., amaurosis fugax, 
diplopia, blurred vision) should be considered a medical emer-
gency. Treatment should be started immediately, even before histo-
logical confirmation of GCA is obtained. Glucocorticoid treatment 
for several days, and even weeks, does not clear the inflammatory 
infiltrates and therefore should not hinder histopathological diag-
nosis.73–75 When visual loss is established, glucocorticoid pulses of 
1 g/day of methylprednisolone (or equivalent glucocorticoid) for 
3 days is frequently recommended, although it has not been clearly 
demonstrated that this dose regimen is more effective than the 
standard oral treatment. Treatment within the first 12 to 24 hours 
appears to be the major determinant of visual recovery, which can 
be expected in only 4% to 12% of cases.74–76 It is reasonable to rec-
ommend antiplatelet drugs, but their efficacy is not proven. Some 
patients with visual symptoms experience further visual loss dur-
ing the first 1 to 2 weeks of glucocorticoid treatment. Visual loss 
beyond this point or during controlled relapses is rare.

The starting dose of prednisone (or equivalent) is maintained 
for 2 to 4 weeks. The daily dose is then tapered progressively by 
approximately 5 mg/wk. Although most patients do well with a 
daily maintenance dose of 7.5 to 10 mg, some patients require 
higher doses. Tapering is guided primarily by clinical evaluation. 
The ESR is a useful parameter for following patients with GCA, but 
therapeutic decisions must not rely solely on ESR values.6 The 
usual initial dose of prednisone for patients with isolated PMR is 
10 to 20 mg/day. Guidelines for reduction are similar to those rec-
ommended for GCA. Some patients with PMR with mild symptoms 
may respond to nonsteroidal antiinflammatory drugs.54

Total duration of therapy may vary, but most patients require 
treatment for about 2 to 3 years. Reduction in dose below the main-
tenance doses must be made gradually to avoid relapses, which 
are common during the first 2 years after diagnosis. Approximately 
40% to 60% of patients require low-dose glucocorticoid therapy 
for longer periods of time, some perhaps indefinitely.77

In the majority of patients, the ESR normalizes quickly after ini-
tiation of glucocorticoid therapy. Other inflammatory markers, 
however (e.g., IL-6, C-reactive protein, haptoglobin, vWF antigen) 
are elevated persistently in many patients who appear to be in 
clinical remission, possibly indicating persistent low-level inflam-
matory activity.37,78 Long-term consequences of persistent subclini-
cal activity are unknown. Subclinical inflammatory activity does 
not appear to be associated with a higher incidence of delayed 
complications of GCA, such as aneurysm or vascular occlusion.4 
Persistent modest elevation of inflammatory markers should not 
lead to an increase in glucocorticosteroid dose in the setting of 
clinical remission.

Complications of glucocorticoid therapy are quite common 
among patients with GCA and PMR. These include osteoporosis, 
weight gain, mood and sleep disturbances, glucose intolerance, 
congestive heart failure (CHF), cataracts, glaucoma, hypertension, 
and other problems. Giant-cell arteritis affects elderly patients, a 
population particularly susceptible to serious complications of 
glucocorticoid therapy. Physicians treating GCA should anticipate  
such complications, screen for them, and when feasible, prescribe 
prophylactic treatments such as calcium, vitamin D, and bisphos-
phonate therapy to prevent osteoporosis.

Other immunosuppressive drugs may be considered as “steroid 
sparing agents” to reduce the cumulative toxicity of glucocorti-
coid therapy. The most carefully investigated of these agents is 
methotrexate, which was evaluated in three randomized placebo-
controlled double-blind studies.79–81 An individual patient–level 
meta-analysis of these trials demonstrated modest but signifi-
cant benefits of methotrexate, including prevention of relapses 
and reduction of glucocorticoid use.82 Although small case series 

reported beneficial effects of TNF blockers for GCA, TNF-α block-
ade with infliximab was not superior to placebo in maintaining 
glucocorticoid-induced remission in an international randomized 
double-masked placebo-controlled trial.83 The efficacy in GCA of 
interfering with CD28-mediated T-cell activation with abatacept 
is currently being tested in a clinical trial. Although the potential 
for treatment of GCA through B-cell depletion (rituximab) or by 
neutralizing IL-6 (tocilizumab) are intriguing, case reports alone 
are not adequate evidence of efficacy, and randomized trials are 
needed to establish the roles, if any, of these or other agents.

Patients with both GCA and PMR require long-term follow-
up care, often for many years if not for their lifetime, following 
apparent disease remission. Disease relapse is common, and the 
long-term problems of large-vessel disease are now being fully 
appreciated. Finally, it is imperative that patients and their family 
members be educated and reminded about the warning symp-
toms of GCA, which necessitate urgent medical evaluation.
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C H A P T E R  44  Thromboangiitis Obliterans 
(Buerger's Disease)
Gregory Piazza, Jeffrey W. Olin

Thromboangiitis obliterans (TAO) describes a segmental non-
atherosclerotic inflammatory disorder that primarily involves 
the small and medium arteries, veins, and nerves of the extremi-
ties.1–3 Although TAO was initially thought to be a disease confined 
exclusively to men, recent epidemiological studies demonstrate a 
growing population of women with the disorder. Also known as 
Buerger's disease, TAO has an extremely strong pathophysiological 
relationship with tobacco use, usually in the form of heavy ciga-
rette smoking.

In 1879, von Winiwarter provided the first description of a 
patient with TAO. He presented the case of a 57-year-old man 
who had reported pain in his feet for 12 years. Histopathological 
examination of an amputation specimen from this patient dem-
onstrated intimal proliferation, luminal thrombosis, and fibrosis; 
von Winiwarter hypothesized that the endarteritis and endophle-
bitis observed were distinct from atherosclerosis.4 In his landmark 
paper 29 years later,5 Leo Buerger published a detailed report of 
the pathological findings of 11 amputated limbs from patients 
with the disease and coined the term thromboangiitis obliterans to 
describe the characteristic observations of endarteritis and endo-
phlebitis. Similar to von Winiwarter, Buerger made a point to dis-
tinguish the clinical and pathological findings of TAO from those 
of atherosclerosis.

In 1928, Allen and Brown described the clinical and pathologi-
cal characteristics of 200 cases of TAO seen at the Mayo Clinic from 
1922 to 1926.6 The majority of cases occurred among Jewish men, 
and all patients were heavy smokers. The pathological findings in 
this report were virtually identical to those described in Buerger's 
original paper.

Epidemiology
Although it is observed worldwide, TAO is more prevalent in 
the Middle East and Far East than North America and Western 
Europe.7,8 Prior to the late 1960s, overdiagnosis of TAO was frequent. 
Of 205 cases originally diagnosed as TAO at Mount Sinai Hospital 
from 1933 to 1963, only 33 were later believed to be compatible 
with the diagnosis, 28 were considered questionable, and 144 were 
determined incorrect.9

Adoption of stricter diagnostic criteria and a reduction in 
tobacco use have caused the reported number of new patients 
diagnosed with TAO in the United States and Europe to decline. 
Overall incidence of TAO is higher in regions of the world where 
consumption of tobacco is greater. At the Mayo Clinic over a 
40-year period, the prevalence rate of patients with the diagno-
sis of TAO has decreased from 104 per 100,000 patient registra-
tions in 1947 to 13 per 100,000 patient registrations in 1986.7 The 
prevalence rate of TAO in patients with peripheral artery disease 
(PAD) varies across Europe and Asia: 1% to 3% in Switzerland, 
0.5% to 5% in West Germany, 1.2% to 5.6% in France, 4% in Belgium, 
0.5% in Italy, 0.25% in the United Kingdom, 3.3% in Poland, 6.7% in 
East Germany, 11.5% in Czechoslovakia, 39% in Yugoslavia, 80% in 
Israel (among Ashkenazi Jews), 45% to 53% in India, and 16% to 
66% in Japan and Korea.10 In Asia, a greater proportion of patients 
with limb ischemia has been attributed to TAO than in the United 
States and Europe.

Overall incidence of TAO also appears to be declining in South 
Asia and Japan.11,12 During the 1990s, the ratio of new patients with 
TAO to new patients with atherosclerotic PAD was reported to be 
1:3 in a vascular outpatient clinic in Japan.13 Since 2000, the ratio 
has declined to 1:10.13

Thromboangiitis obliterans has been associated with manual 
labor and lower socioeconomic status in some series. In particu-
lar areas of Southeast Asia, including India, TAO has been asso-
ciated with lower socioeconomic class and smoking unrefined 
homemade tobacco cigarettes called bidi. In a study of 28 cases of 
TAO from Korea, 23 patients were farmers or manual laborers and 
belonged to the lowest socioeconomic class.14 In another analysis 
of 106 patients with TAO in Java, Indonesia, the majority of patients 
were from the lowest socioeconomic class.15 However, in a study of 
8858 Japanese patients with the disease, there was no significantly 
greater prevalence among manual laborers.16

Although it has been considered a disease of young men, TAO 
also occurs in women. Reported incidence was less than 2% in the 
majority of published case series before 1970. More recent studies 
have demonstrated a much higher prevalence, ranging from 11% 
to 23%.17–20 The increasing prevalence of TAO among women has 
been attributed to rising consumption of tobacco products.

Etiology and Pathogenesis
Thromboangiitis obliterans is a vasculitis characterized by a highly 
cellular inflammatory thrombus with relative sparing of the ves-
sel wall; its precise etiology remains unknown. Thromboangiitis 
obliterans is distinct from other vasculitides because levels of 
acute-phase reactants such as erythrocyte sedimentation rate and 
C-reactive protein (CRP). Commonly measured autoantibodies  
are typically normal, but it has been suggested that abnormali-
ties in immunoreactivity and other factors may contri bute to the 
inflammatory process.

Tobacco
Exposure to tobacco is critical to initiation, maintenance, and pro-
gression of TAO. Although smoking tobacco is by far the most fre-
quent precipitating factor, chewing tobacco and using snuff21 or 
marijuana have also been implicated in its development.22,23 The 
association between heavy tobacco use and TAO is so strong, it is 
typically considered a sine qua non for the diagnosis.17,24 Patients 
with TAO have higher tobacco consumption and carboxyhemo-
globin levels than those with atherosclerotic vascular disease or 
healthy controls.25 It has been hypothesized that some patients 
develop an immunological reaction to a constituent of tobacco that 
triggers small-vessel occlusive disease.26,27 Because only a small pro-
portion of smokers worldwide eventually develop TAO, other factors 
are believed to play a contributory role in disease pathogenesis.

As noted earlier, in South Asia, a large proportion of patients 
diagnosed with TAO belong to the lowest socioeconomic class and 
smoke bidi. Bidi smoking is believed to account for the higher inci-
dence of TAO in the Indian population. A case-control study from 
Bangladesh reported that 35% of patients with TAO were cigarette 
smokers and 65% were bidi smokers, compared with 69.9% and 
30.1%, respectively, of controls.28 After adjusting for confounding 
factors and using 10-per-day smoking frequency as a reference, the 
study found that smoking 11 to 20 bidi per day was associated with 
a seven fold increased risk of developing TAO, and smoking over 20 
bidi per day led to a 35-fold increased risk. The authors concluded 
that bidi smoking carried greater risk than cigarette smoking for 
consequent TAO.28

In addition to its role in disease initiation, tobacco use is a criti-
cal factor in disease progression and continued symptoms associ-
ated with TAO.2 Although second-hand or passive smoking has not 
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been associated with TAO onset, it may play an important role in 
continuation of the disease process. In a study of 40 patients with 
TAO, cotinine, the major metabolite of nicotine, was used as a mea-
sure of exposure to tobacco smoke. Urinary cotinine  levels were 
measured to classify them as smokers (cotinine levels >50 ng/mg  
creatinine), passive smokers (cotinine levels 10-50 ng/mg  creatinine), 
and nonsmokers who did not experience noticeable passive smok-
ing (cotinine levels <10 ng/mg creatinine).29 Using these criteria,  
10 patients were classified as smokers, 9 as passive smokers, and 
21 as nonsmokers.  Seven of the 10  smokers, none of the 9 passive 
 smokers, and 4 of the 21  nonsmokers  experienced disease exacer-
bation. Of the four nonsmokers who experienced disease exa-
cerbation, three had continued to smoke and one had been 
exposed to second-hand tobacco smoke in the workplace at the 
time of relapse. Among active smokers, the seven whose conditions 
had worsened showed significantly higher urinary cotinine levels 
than the three remaining patients who remained in remission.

Genetic Predisposition
Several studies have suggested there may be a genetic predis-
position to developing TAO. Although there appears to be an 
association between certain human lymphocyte antigen (HLA) 
haplotypes and development of TAO, no consistent pattern has 
been identified across patient populations. In the United Kingdom, 
HLA-A9 and HLA-B5 are particularly prevalent in patients with 
TAO.30 In a U.S. study, HLA testing was performed in 11 patients 
with TAO, and no specific pattern could be identified.18 Lack of 
consistency in HLA haplotype predominance among various 
populations with TAO is likely due to genetic diversity and meth-
odological differences in each of the studies.31

Polymorphisms of CD14, a main receptor for bacterial lipopoly-
saccharide, (37.4% vs. 24.2%; P = 0.008; odds ratio [OR] = 1.87; 95% 
confidence interval [CI], 1.18-2.97), HLA-DRB1 (34.4% vs. 13.2%; 
P < 0.001; OR = 3.44; 95% CI, 2.06-5.73), and HLA-DPB1 (79.4% vs. 
55.1%; P < 0.001; OR = 3.14; 95% CI, 1.93-5.11) have been observed 
to have a significantly higher frequency in patients with TAO than 
in controls.32 Stratification analyses of these polymorphisms sug-
gested synergistic roles with ORs that ranged from 4.72 to 12.57 in 
individuals carrying any two of these three markers. These data sug-
gest that susceptibility to TAO may be controlled in part by genes 
involved in innate and adaptive immunity.

In a study comparing 21 TAO patients with healthy age-, gender-, 
and race-matched controls, frequency of mutations associated with 
arterial vasospasm (stromelysin-1 5A/6A, endothelial nitric oxide 
synthase [eNOS] T-786 C) was evaluated.33 Homozygosity for 5A/6A 
stromelysin-1 was present in 7 of 21 (33%) TAO cases, compared with 
5 of 21 (24%) controls (risk ratio 1.4; 95% CI, 0.5-3.7). Homozygosity 
for eNOS T-786 C was present in 3 of 21 (14%) TAO cases, compared 
with 1 of 21 (5%) controls (risk ratio 3.0; 95% CI, 0.3-26.6).

In another recent study, eNOS 894 G→T and endothelin-1 (ET-1)  
8000 T→C polymorphisms were assessed to determine whether 
either played a role in development of TAO.34 Investigators found 
that the T allele of the eNOS 894 G→T polymorphism was protec-
tive against TAO.

Hypercoagulable States
The role of hypercoagulable states in TAO pathogenesis remains 
unclear; studies have failed to demonstrate a consistent pattern of 
association. In a comparison of patients with TAO and healthy con-
trols, levels of urokinase-plasminogen activator (uPA) were twofold 
higher, and free plasminogen activator inhibitor-1 (PAI-1) were 40% 
lower, in patients with the disease.35 During venous occlusion, tissue 
plasminogen activator (tPA) antigen concentrations increased to a 
greater extent in controls while PAI-1 levels were lower in patients 
with TAO. Patients with TAO also appear to have an enhanced plate-
let response to serotonin36 and higher platelet contractile force.37

In one case-control study, the frequencies of factor V Leiden 
and prothrombin gene 20210A mutations were similar in patients 

with TAO and healthy subjects.38 However, in another case-control 
study, OR for the prothrombin 20210 A allele compared with the G 
allele was 7.98 (95% CI, 2.45-25.93) in patients with TAO.39 Elevated 
plasma homocysteine levels have been reported in patients with 
TAO and may be associated with a higher amputation rate.40

Increased levels of anticardiolipin antibodies have been reported 
in patients with TAO.40–42 In one study, anticardiolipin antibodies 
were measured in 47 patients with TAO, 48 patients with premature 
atherosclerosis, and 48 otherwise healthy individuals.42 Prevalence 
of anticardiolipin antibodies was significantly higher in patients 
with TAO (36%) compared with those with premature atheroscle-
rosis (8%; P = 0.01) and healthy controls (2%; P < 0.001). Compared 
with those without detectable autoantibodies, patients with TAO 
and elevated anticardiolipin antibody titers were younger at age 
of onset and had increased rates of major amputation. A smaller 
study, however, did not demonstrate increased amputation rates in 
TAO patients with elevated anticardiolipin antibodies.40

Immunological Mechanisms
Abnormalities in immunoreactivity are believed to play a critical 
role in the inflammatory process that characterizes TAO. In a study 
of 39 patients with TAO, cellular and humoral immune responses 
to native human collagen type I and type III were evaluated.43 Cell-
mediated sensitivity to these collagens as measured by an antigen-
sensitive thymidine incorporation assay was significantly higher 
in patients with TAO than in patients with atherosclerosis or in 
healthy male controls. Lymphocytes from 77% of the patients with 
TAO demonstrated cellular sensitivity to type I or type III collagens 
or both. In 17 of 39 serum samples (44%) from the patients with 
TAO, a low but significant level of anticollagen antibody activity 
was detected, whereas no antibody activity was observed in serum 
samples from controls. Circulating immune complexes found in 
peripheral arteries of patients with TAO provide further evidence 
for an immunological basis for this disease.44,45

In a study of nine patients with TAO, immunohistochemical anal-
ysis was performed on 33 specimens.46 Architecture of blood ves-
sel walls was well preserved regardless of the stage of disease, but 
cell infiltration involving the thrombus and intima was observed. 
Among infiltrating cells, CD3+ T cells greatly outnumbered CD20+ 
B cells, and CD68+ macrophages or S-100+ dendritic cells were 
detected in the intima during acute and subacute phases. Deposits 
of immunoglobulins (Ig)G, IgA, and IgM and complement factors 
3d and 4c were noted along the internal elastic lamina. These data 
indicate that TAO represents an endarteritis characterized by both 
T cell– (cellular) and B cell–mediated (humoral) immunity in 
association with activation of antigen-presenting cells in the intima.

Immunohistochemical and TUNEL (terminal dUTP nick end 
labeling) studies were conducted on arterial walls obtained from 
eight patients with TAO to phenotype infiltrating cells with CD4+ 
(helper T cell), CD8+ (cytotoxic T cell), CD56 (natural killer cell), and  
CD68 (macrophage) to (1) identify cell activation with vascular 
cell adhesion molecule-1 (VCAM-1) and inducible nitric oxide syn-
thase (iNOS), (2) determine the presence of cell death with TUNEL 
analysis, and (3) detect inflammatory cytokines with reverse  
transcriptase- polymerase chain reaction (RT-PCR).47 T cells were 
identified mainly in the thrombus, intima, and adventitia. Among 
infiltrating cells, CD4+ T cells greatly outnumbered CD8+ cells. 
VCAM-1 and iNOS were expressed in endothelial cells (ECs) around 
the intima in patent segments or in vaso vasorum in occluded 
segments. These findings suggest that a T cell–mediated immune 
response may play an important role in development of TAO.

An immunohistochemistry study compared 58 amputated lower 
extremities from patients with TAO to 5 autopsy controls.48 In 
patients with a definite diagnosis of TAO, as determined by clinical 
criteria, linear arrangement of macrophages, B lymphocytes, and 
T lymphocytes along vascular elastic fibers was found to be a pre-
dictable and specific inflammatory response to the internal elastic 
lamina of affected vessels. This finding indicates that elastic fibers 
are important immunogens in TAO pathogenesis.
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Endothelial Dysfunction
Abnormalities of endothelial function also appear to contrib-
ute to TAO pathogenesis. Although various autoantibodies com-
monly observed in vasculitides are typically absent, elevations 
in antiendothelial cell antibody titers have been documented 
in patients with active TAO.49 In one study, seven patients with 
active TAO had antiendothelial cell antibody titers of 1857 ± 450 
arbitrary units (AU), compared with 461 ± 41 AU in 21 patients 
in remission (P < 0.01) and 126 ± 15 AU in 30 control subjects  
(P < 0.001).49 If these findings can be confirmed, measurement of 
antiendothelial cell antibody titers may serve as a useful tool in fol-
lowing disease activity.

Patients with TAO also demonstrate impairment of endothelium-
dependent vasodilation in the peripheral vasculature. Changes in 
forearm blood flow induced by the endothelium-dependent vaso-
dilator acetylcholine, the endothelium-independent vasodilator 
sodium nitroprusside, and occlusion-induced reactive hyperemia 
were measured plethysmographically in the nondiseased limb 
in eight patients with TAO and in eight healthy controls matched 
for age and smoking status.50 The increase in forearm blood flow 
response to intraarterial acetylcholine infusion was diminished 
in patients with TAO compared with healthy controls (22.9 ± 2.9 
vs. 14.1 ± 2.8 mL/min per dL of tissue volume; P < 0.01). In con-
trast, there was no significant difference in the increase in forearm 
blood flow response to sodium nitroprusside infusion and reactive 
hyperemia between the two study groups. These data suggest that 
peripheral endothelium-dependent vasodilation is impaired even 
in the nondiseased limbs of patients with TAO.

In a study designed to evaluate the role of circulating progenitor 
cells in endothelial function in patients with TAO and atheroscle-
rosis obliterans, investigators measured flow-mediated vasodilation, 
nitroglycerin-induced vasodilation, and circulating progenitor cells 
in 30 patients with TAO, 30 age- and sex-matched healthy subjects, 
and 40 patients with atherosclerosis obliterans.51 Flow-mediated 
vasodilation was decreased in both the TAO group and athero-
sclerosis obliterans group compared with controls (6.6% ± 2.7%,  
5.7% ± 3.3% vs. 9.5 ± 3.1%, P < 0.0001, respectively). However, there 
was no significant difference in flow-mediated vasodilation between 
the TAO group and atherosclerosis obliterans group. Nitroglycerin-
induced vasodilation was similar in the three groups. The number 

and migration of circulating progenitor cells were similar in the TAO 
group and control group, but were significantly decreased in the ath-
erosclerosis obliterans group. There was a significant relationship 
between the number and migration of circulating progenitor cells 
and flow-mediated vasodilation (r = 0.43 and r = 0.40, P < 0.0001, 
respectively). Flow-mediated vasodilation was impaired in patients 
with TAO and patients with atherosclerosis obliterans compared 
with control subjects, but the number and function of circulating 
progenitor cells were not decreased in patients with TAO.

In a study of surgical biopsies obtained from femoral and iliac 
arteries of patients with TAO, expression of intercellular adhe-
sion molecule-1 (ICAM-1), VCAM-1, and E-selectin was increased 
on endothelial and inflammatory cells in the thickened intima.52 
Immunohistochemistry demonstrated contacts between mononu-
clear cells and morphologically activated ECs expressing ICAM-1 
and E-selectin. These findings provide evidence for EC activa-
tion, tumor necrosis factor (TNF)-α secretion by tissue-infiltrating 
inflammatory cells, ICAM-1, VCAM-1 and E-selectin expression on 
ECs, and leukocyte adhesion in TAO.

Infection
Chronic anaerobic periodontal infection may represent an addi-
tional risk factor for development of TAO.53 Nearly two thirds of 
patients with TAO have severe periodontal disease. Polymerase 
chain reaction (PCR) analysis demonstrated deoxyribonucleic acid 
(DNA) fragments from anaerobic bacteria, in particular Treponema 
denticola, in both arterial lesions and oral cavities of patients with 
TAO, but not in arterial samples from healthy control subjects. 
However, the higher prevalence of periodontal infection in TAO 
may simply be a marker of lower socioeconomic status in patients 
who develop the disease, rather than a pathogenic correlate.

Pathology
Pathologically, TAO is distinguished by inflammatory throm-
bus that affects small- and medium-sized arteries and veins. 
Histopathology of involved blood vessels varies according to the 
stage at which the tissue sample is obtained. Thromboangiitis 
obliterans involves three phases: acute, subacute, and chronic 
(Fig. 44-1). Histopathology is most likely to be diagnostic of TAO 

Acute phase:
inflammatory thrombus,
including neutrophils and
multinucleated giant cells,
occludes the lumen but
spares the vessel wall.

Platelets

Neutrophil

Erythrocyte

Multinucleated giant cell

Vascular fibrosis

Subacute (intermediate)
phase: progressive
organization of the
inflammatory thrombus.

Chronic phase (end
stage): inflammation is
replaced by organized
thrombus and vascular
fibrosis resulting in
vessel obliteration with
areas of recanalization.

FIGURE 44-1 Histopathological stages of thromboangiitis obliterans (TAO).
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in samples obtained during the acute phase of the disease. As 
the disease progresses from the subacute to chronic phases, 
the histopathology of TAO becomes virtually indistinguishable 
from other obstructive vascular diseases that result in fibrosis 
of the blood vessels in their end stage. Because the histological 
appearance can vary from patient to patient and depends upon 
the stage of the disease, a pathological diagnosis of TAO may be 
challenging in some cases.54 Furthermore, pathological diagnosis 
may be inconclusive if only amputated specimens or occluded 
arteries and veins are examined. Subacute and chronic phase 
lesions have far fewer characteristic features and therefore are 
rarely diagnostic for TAO.

Acute Phase
The acute phase of TAO consists of an occlusive, highly cellu lar, 
inflammatory thrombus. Polymorphonuclear neutrophils, microab-
scesses, and multinucleated giant cells are often pres ent around 
the periphery of the thrombus (Fig. 44-2). Presence of multinucle-
ated giant cells is characteristic of but not specific for TAO.55

Inflammatory thrombus is observed with greatest frequency in 
biopsies of areas demonstrating acute superficial thrombophle-
bitis taken from patients with TAO. It is unclear whether the vas-
cular lesions of TAO are primarily thrombotic or inflammatory,  
but the pattern of intense inflammatory cell infiltration and cel-
lular proliferation observed in the acute phase of the disease is 
particularly distinctive. Acute phlebitis without thrombosis, acute 
phlebitis with thrombosis, and acute phlebitis with thrombus 
containing microabscesses and giant cells may coexist in differ-
ent segments of the same affected vein if it is biopsied at an early 
stage. These lesions correspond with the clinical finding of throm-
bophlebitis migrans.56

Subacute (Intermediate) Phase
During the subacute or intermediate phase, progressive organiza-
tion of the inflammatory thrombus takes place in affected arter-
ies and veins. Although some degree of inflammatory infiltrate 
remains within the thrombus, the vessel wall is generally spared. 
Partial recanalization of the vessel and disappearance of microab-
scesses may also be observed in the subacute phase.46

Chronic (End-Stage) Phase
The chronic phase is characterized by organized thrombus with 
areas of extensive recanalization, prominent vascularization of the 
media, and adventitial and perivascular fibrosis. Because they repre-
sent the end products of vascular injury and occlusive thrombosis, 
chronic-phase arterial lesions are the least distinctive of the three 
morphological stages of TAO. However, focal residual inflammation 
within the organized thrombus may suggest TAO in an end-stage 
lesion. Chronic-phase lesions in TAO frequently mimic atheroscle-
rotic vascular disease. In some patients, especially those older than 
40 years of age, both TAO and atherosclerotic vascular disease may 
coexist and thereby create further diagnostic uncertainty.

Additional Histopathological Features
In all three phases of TAO, normal architecture of the vessel wall 
adjacent to the occlusive thrombus, including the internal elastic 
lamina, remains intact. This observation distinguishes TAO from 
atherosclerotic vascular disease and from other systemic vasculiti-
des in which there is typically disruption of the internal elastic lam-
ina and the media. “Skip” areas in which normal vessel segments 
are observed between diseased ones are common in TAO. In addi-
tion, the intensity of the periadventitial inflammatory reaction can 
be quite variable in different segments of the same vessel.

Immunohistochemical Features
Studies focusing on immunohistochemistry have provided limited 
understanding of the role of the cytoskeleton and other cellular ele-
ments in TAO.44–48,52,57 Soon after the inflammatory thrombus has 
occluded the vessel lumen, spindle cells migrate from the media 
through fenestrations in the internal elastic lamina into the intima to 
populate the periphery of the thrombus. These spindle cells express 
vimentin and α1-actin and originate from smooth muscle cells (SMCs) 
of the media. Capillaries appear along thrombus margins. Endothelial 
cells express factor VIII–related antigen and Ulex europaeus agglutinin.

As the thrombus organizes during later disease stages, spindle 
cells differentiate into fibroblasts and lose their positive staining 
for α

1-actin. Demonstration of the internal elastic lamina by col-
lagen type IV markers confirms that the lamina remains intact in 
TAO, and that SMCs migrate from the media to the intima via fenes-
trations. Newly formed capillaries within the thrombus are noted.

Immunohistochemically, the process of thrombus organization 
in TAO is virtually identical to that of ordinary thrombus, with the 
exception of the characteristic inflammatory component. However, 
infiltration of SMCs from the media results in a more hypercellular 
thrombus and rapid organization.

Clinical Presentation
The typical patient with TAO is a young man with a history of heavy 
tobacco smoking who presents with onset of ischemic symptoms 
of the extremities before age 45 years. However, patients should be 
questioned about chewing tobacco as well as snuff and marijuana 
use, especially if they deny smoking and present with a history 
compatible with TAO. Ischemic symptoms result from stenosis or 
occlusion of the distal small arteries and veins. Thromboangiitis 
obliterans frequently progresses proximally and involves multiple 
limbs. Large-artery involvement is atypical and rarely occurs in the 
absence of  small-vessel occlusive disease.58 The most common 

A

B

FIGURE 44-2 A, Typical acute histological lesion in vein obtained from 
patient with thromboangiitis obliterans (TAO). B, Close-up of boxed area in 
A, demonstrating a microabscess in the thrombus and two multinucleated 
giant cells (hematoxylin and eosin, ×64 [A] and ×400 [B]). (Reproduced with 
permission from Lie JT: Thromboangiitis obliterans (Buerger's disease) revisited. 
Pathol Annu 23:257–291, 1988.)
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symptoms result from arterial occlusive disease, secondary vaso-
spasm, and superficial thrombophlebitis (Table 44-1).

Arterial Occlusive Disease
Arterial occlusive disease due to TAO most often presents as inter-
mittent claudication of the feet, legs, hands, or arms. In a study of 
112 patients with TAO evaluated at the Cleveland Clinic from 1970 
to 1987, intermittent claudication occurred in 70 patients (63%).17 
In a retrospective study of 344 patients treated surgically for TAO 
in Turkey, major complaints included foot coldness in 312 (90.6%) 
patients, color changes in 290 (84.3%), rest pain in 160 (46.5%), 
claudication in 166 (48.2%), and necrotic ulcers in 185 (53.1%).59 
Foot or arch claudication may be a presenting symptom and is fre-
quently attributed to an orthopedic problem, resulting in diagnos-
tic delay. As lower-extremity disease progresses proximally, patients 
with TAO may report classic calf claudication.

Symptoms and signs of critical limb ischemia, including rest 
pain, ulcerations, and digital gangrene, occur with advanced arte-
rial occlusive disease. At the time of presentation, 76% of patients 
have ischemic ulcerations (Fig. 44-3A and Fig. 44-4).17 With early 
recognition of symptoms and signs of TAO, many patients can be 
identified and treated before critical limb ischemia develops.

Although only one limb may be affected clinically, arterial 
occlusive disease always involves two or more extremities on 
angiographic evaluation. In one series of patients with TAO, two 
limbs were affected in 16% of patients, three limbs in 41%, and all 
four limbs in 43%.60 The Intractable Vasculitis Syndromes Research 
Group of Japan reported isolated lower limb involvement in 75%, 
isolated upper limb involvement in 5%, and both upper and lower 
limb involvement in 20% of patients with TAO.61

Raynaud Phenomenon
A common complaint in TAO, cold sensitivity may represent one 
of the earliest manifestations of the disease. Indeed, presentations 
of TAO appear to be more common in the winter.62 Cold sensi-
tivity likely results from ischemia or markedly increased muscle 
sympathetic nerve activity, which has been demonstrated in TAO 
patients compared with controls.63 Raynaud phenomenon is 
present in over 40% of patients with TAO and may be asymmetri-
cal.2 The extremities, particularly the digits, may be characterized 
by either rubor or cyanosis. This discoloration has been termed 
Buerger's color.64

CLINICAL FINDING N (%)

Intermittent claudication 70 (63)

Rest pain 91 (81)

Ischemic ulcerations:
 Upper extremity
 Lower extremity
 Both

85 (76)
24 (28)
39 (46)
22 (26)

Thrombophlebitis 43 (38)

Raynaud phenomenon 49 (44)

Sensory findings 77 (69)

Abnormal Allen test 71 (63)

TABLE 44-1  Presenting Symptoms and Signs in 112 patients 
with Thromboangiitis Obliterans Evaluated at 
Cleveland Clinic Between 1970 and 1987*

*Data from Olin JW, Young JR, Graor RA, et al: The changing clinical spectrum of  
thromboangiitis obliterans (Buerger's disease). Circulation 82:3–8, 1990.

A B

FIGURE 44-3 A, Ischemic ulceration on second toe in young woman with thromboangiitis obliterans. B, Superficial thrombophlebitis on dorsum of the right foot 
(black arrow) in patient with TAO. Note ischemic ulceration on distal right great toe. (Reproduced with permission from Olin JW, Lie JT: Current management of hypertension 
and vascular disease. In Cooke JP, Frohlich ED, editors: Thromboangiitis obliterans (Buerger's disease), St. Louis, 1992, Mosby-Yearbook, p 65.)

FIGURE 44-4 Ischemic ulceration of index finger in patient with 
thromboangiitis obliterans (TAO).
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Superficial Thrombophlebitis
Although it may also be observed in Behçet disease, superfi-
cial thrombophlebitis differentiates TAO from other vasculitides 
and atherosclerotic vascular disease (see Fig. 44-3B). Superficial 
thrombophlebitis occurs in approximately 40% of patients with 
TAO.17 Superficial thrombophlebitis may predate the onset of isch-
emic symptoms caused by arterial occlusive disease56 and may 
parallel disease activity.65 Some patients may describe a migra-
tory pattern of tender nodules that follow a venous distribution 
(thrombophlebitis migrans).56

Neurological Findings
Sensory abnormalities are common in TAO and were observed in 
up to 70% of cases in a series from the Cleveland Clinic.17 Sensory 
findings are most likely due to ischemic neuropathy, a late finding 
in the course of TAO. Sensory findings may also be due to primary 
involvement of the nerves themselves, since earlier studies have sug-
gested that inflammatory cell infiltrate may surround the nerves.5

Unusual Presentations
TAO is typically a disease affecting vessels in distal parts of the 
extremities, but it has also been reported to involve unusual 
 vascular beds: the great vessels and pulmonary, proximal  extremity, 
 mesenteric, cerebral, coronary, renal, pelvic, and ophthalmic 
 arteries. Thromboangiitis obliterans in atypical vascular beds is 
characterized by similar pathological findings as found in the 
extremities. Of note, reports of TAO in unusual locations should 
be interpreted with caution because the diagnosis of TAO in such 
cases may not meet criteria suggested in this chapter.

Thromboangiitis obliterans of large elastic arteries such as the 
pulmonary66 and iliac arteries58 has been rarely documented. 
Visceral involvement may present as abdominal pain, nausea, vom-
iting, diarrhea, melena, hematochezia, weight loss, and anorexia and 
result in mesenteric ischemia or infarction.67–72 Cerebrovascular 
involvement may manifest as transient ischemic attack (TIA),  isch-
emic stroke, and psychotic disorders.73–77

Coronary artery involvement may present as myocardial isch-
emia or infarction.78–82 Thromboangiitis obliterans affecting the 
intrarenal arterial branches has been reported.83 Rarely, TAO may 
involve the pelvic vessels, including the pudendal arteries and 
veins, resulting in erectile dysfunction.84 Thromboangiitis obliter-
ans involving the temporal and ophthalmic arteries may mimic 
giant cell arteritis (GCA).85,86

Involvement of saphenous vein bypass grafts in patients with 
TAO is a truly rare occurrence.87

Differential Diagnosis
A clinical diagnosis of TAO requires exclusion of disorders that 
may mimic the disease (Box 44-1). The most important disorders 
to exclude are atherosclerotic vascular disease, thromboembolic 
disease, and autoimmune diseases such as scleroderma or CREST 
(calcinosis, Raynaud phenomenon, esophageal dysmotility, sclero-
dactyly, telangiectasia) syndrome. In most cases, the combination 
of serological testing, echocardiography, and arteriography can 
exclude these disorders and help establish the diagnosis of TAO.

A scleroderma or CREST syndrome diagnosis is typically sug-
gested by clinical presentation, including skin findings. Nailfold 
capillaroscopy may be performed and is usually quite distinctive 
in patients with these disorders. However, characteristic findings of 
capillary loop dropout in scleroderma or CREST syndrome may 
also be observed in some patients with TAO. Detection of serologi-
cal markers such as anti-ACL-70 or anticentromere antibodies pro-
vides further evidence for scleroderma or CREST syndrome.

Clinicians should evaluate patients for features of other auto-
immune diseases such as systemic lupus erythematosus, rheuma-
toid arthritis, and other vasculitides. Serological markers are often 

 helpful in excluding such disorders. Patients with antiphospholipid 
antibody syndrome pose a particular diagnostic challenge because 
they may present with both arterial and venous thrombotic events. 
Antiphospholipid antibody syndrome is suggested by detection of 
lupus-type anticoagulants or presence of elevated titers of anticar-
diolipin antibodies. Of note, lupus anticoagulant and anticardio-
lipin antibodies may be detected in some patients with TAO, but 
may also indicate an unrelated thrombophilia.1 Pathological exami-
nation can clearly differentiate between the two disorders because 
antiphospholipid antibody syndrome is characterized by the pres-
ence of bland thrombosis, whereas TAO results in an inflammatory 
thrombus.

Thromboangiitis obliterans is differentiated from other vas-
culitides in that it results in distal extremity ischemia, whereas 
patients with Takayasu's arteritis or GCA present with more proxi-
mal arterial involvement. Arteriographic features of TAO are also 
quite distinctive from those observed in Takayasu's arteritis or 
giant cell arteritis. In addition, vasculitides such as Takayasu's 
arteritis and GCA are typically associated with elevations in 
inflammatory markers, including erythrocyte sedimentation rate 
and C-reactive protein.

Clinicians evaluating patients with suspected TAO should inquire 
about possible ergotamine or cocaine abuse, in addition to disor-
ders of repetitive mechanical trauma such as vibration-induced 
vascular injury and hypothenar hammer syndrome. Serum ergota-
mine levels can be obtained to exclude vascular injury caused by 
this drug. Because it can mimic TAO, all patients should be ques-
tioned about cocaine abuse. A complete toxicology screen is rec-
ommended in patients who present with a history and physical 
compatible with TAO, especially if they deny tobacco use.

Diagnosis
Thromboangiitis obliterans is a clinical diagnosis that requires a 
compatible history in combination with supportive physical exam-
ination findings and vascular abnormalities on imaging studies 
(Fig. 44-5).

Physical Examination
Physical examination of a patient with suspected TAO should 
include a detailed vascular evaluation with palpation of periph-
eral pulses, auscultation for arterial bruits, and measurement of 
ankle:brachial indices. Extremities should be carefully inspected 

n Atherosclerotic vascular disease
n Thromboembolic disease
n Rheumatological disorders:

n scleroderma
n CREsT syndrome
n systemic lupus erythematosus
n Rheumatoid arthritis
n mixed connective tissue diseases
n other vasculitides

n Hypercoagulable states:
n Antiphospholipid antibody syndrome

n syndromes of repetitive mechanical trauma:
n Hypothenar hammer syndrome
n Vibration-related vascular injury

n Thoracic outlet syndrome
n Popliteal entrapment syndrome
n Cystic adventitial disease
n Drugs:

n Ergotamine abuse
n Cocaine abuse
n Amphetamine abuse

Box 44-1 Disorders That May Mimic 
Thromboangiitis Obliterans

CREsT, calcinosis, Raynaud phenomenon, esophageal dysmotility, sclerodactyly, 
telangiectasia.



539

CH 
44

T
H

R
o

m
bo

A
n

g
iiT

is o
bliT

ER
A

n
s (bu

ER
g

ER
's D

isEA
sE)

for superficial thrombophlebitis, which may present as tender 
superficial venous nodules and cords. Hands and feet should be 
examined for findings of digital ischemia. Neurological examina-
tion may document peripheral nerve involvement in the form of 
sensory deficits.

Although nonspecific, an abnormal Allen test in a young smoker 
with digital ischemia is strongly suggestive of TAO because it pro-
vides evidence for small-vessel disease (Fig. 44-6). In a series from 
the Cleveland Clinic, 63% of patients with TAO had an abnormal 
Allen test.17 Documentation of an abnormal Allen test is helpful 
because the distal nature of TAO and involvement of both upper 
and lower extremities distinguishes it from atherosclerotic vascu-
lar disease. With the exception of chronic kidney disease patients 
with diabetes or those who have undergone renal transplantation, 
atherosclerosis does not involve the hands and rarely occurs distal 
to the subclavian artery.

Diagnostic Criteria
Several diagnostic criteria have been proposed for evaluating 
patients with suspected TAO. The Shionoya criteria require all five 
of the following to establish the diagnosis of TAO: history of smok-
ing, onset before 50 years of age, infrapopliteal arterial occlusive 
disease, either upper extremity involvement or superficial throm-
bophlebitis, and absence of risk factors for atherosclerosis other 
than smoking.88

Papa and Adar proposed criteria that incorporated various clini-
cal, angiographic, histopathological, and exclusionary elements, 
and then subsequently devised a point-scoring system for the diag-
nosis of TAO.89,90

Mills and Porter use a set of major and minor criteria for 
the diagnosis.91 Commonly used clinical criteria include age 
younger than 45, current or recent history of tobacco use,  

Young smoker (<45 years old) with a compatible
clinical presentation

Detailed cardiovascular examination including
palpation of peripheral pulses, auscultation for

bruits, ankle:brachial indices and Allen test

Alternative etiology suggested by
physical examination, laboratory

testing, or imaging?

Evaluate alternative
diagnosis

YES

YES

NO

NO

Angiography consistent with
TAO?

Treat for
TAO

Evaluate for other
etiologyFIGURE 44-5 Diagnostic algorithm for patients with suspected 

thromboangiitis obliterans (TAO).

A

B

FIGURE 44-6 A, Allen test with occlusion of radial and ulnar pulses by manual compression. B, When compression of ulnar pulse is released while continuing 
to compress radial artery, hand does not fill with blood. Pallor of right hand compared with left is consistent with distal arterial occlusive disease of the ulnar artery 
(right portion of image). (Reproduced with permission from Olin JW, Lie JT: Current management of hypertension and vascular disease. In Cooke JP, Frohlich ED, editors: 
Thromboangiitis obliterans (Buerger's disease), St. Louis, 1992, Mosby-Yearbook, p 65.)
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distal extremity  ischemia confirmed by noninvasive testing, con-
sistent angiographic findings, and exclusion of thrombophilia, 
autoimmune disease, diabetes mellitus, and a proximal source 
of emboli2 (Box 44-2).

An increasing number of individuals who fulfill clinical criteria 
for TAO have risk factors for atherosclerotic vascular disease (e.g., 
hypertension, hyperlipidemia). A subset of these patients may sub-
sequently develop concomitant atherosclerotic vascular disease 
after the original diagnosis of TAO. Accordingly, if patients meet 
criteria of distal extremity involvement, tobacco use, and exclu-
sion of a proximal source of emboli, atherosclerosis, and throm-
bophilia, hyperlipidemia, or hypertension should not exclude the 
diagnosis of TAO.

Laboratory Evaluation
Although there are no specific blood tests to aid in the diag-
nosis, laboratory evaluation in patients with suspected TAO is 
useful for excluding alternative diagnoses. Initial laboratory 
studies should include a complete blood cell count (CBC), 
 chemistry panel, liver function tests, fasting blood glucose, 
urinalysis, inflammatory markers such as erythrocyte sedi-
mentation rate and C-reactive protein, cold agglutinins, and 
cryoglobulins. In addition, serological markers of autoim-
mune disease, including antinuclear antibody, rheumatoid fac-
tor, anticentromere antibody, and anti-SCL-70 antibody, should 
be obtained and are typically negative in patients with TAO. 
Evaluation for hypercoagulable states is frequently performed. 
Of note, antiphospholipid and anticardiolipin antibodies are 
detected in some patients with TAO but may also indicate an 
isolated thrombophilia.

Imaging
Imaging in patients with suspected TAO is not only used to estab-
lish the diagnosis but also to exclude alternative etiologies for the 
presentation that may require a radically different therapeutic 
approach. For example, echocardiography is frequently indicated 
to exclude a cardiac source of embolism that results in acute 
arterial occlusion. Likewise, catheter-based angiography provides 
evidence for TAO, but also excludes proximal sources of artery-to-
artery embolism.

Noninvasive vascular laboratory studies such as segmental 
arterial pressure measurements with pulse volume recordings 
demonstrating distal abnormalities in the absence of proximal 
disease suggest a diagnosis of TAO. Digital plethysmography, fin-
ger and toe pressures, and transcutaneous oxygen measurement 
may be useful in documenting distal small-vessel disease in the 
absence of more proximal upper- or lower-extremity abnormali-
ties in patients with TAO. Arterial duplex scanning can also be 
used to exclude proximal atherosclerotic lesions and identify 
distal arterial occlusive disease. “Corkscrew collaterals,” a finding 
frequently observed in patients with TAO, may also be visualized 
on arterial duplex scanning.92 Abdominal aortic ultrasono-
graphy may be used to exclude abdominal aortic aneurysm or 
atherosclerosis as a source of distal embolization to the lower 
extremities.

Computed tomography angiography (CTA), magnetic reso-
nance angiography (MRA), or catheter-based angiography may 
be performed to exclude a proximal arterial source of embolism 
and define the anatomy and severity of distal arterial occlusive 
disease. Although advances in CTA and MRA have shown prom-
ise for imaging distal vessels, the majority of patients will require 
catheter-based angiography to provide the spatial resolution nec-
essary to detect small-artery pathology, especially of the hands and 
feet. In patients with ischemic ulcerations and in whom secondary 
infection is a concern, magnetic resonance (MR) may be useful in 
determining the presence of osteomyelitis.93

Catheter-based angiography plays a critical role in  establishing 
the diagnosis of TAO and excluding proximal arterial pathology 
that may result in distal arterial occlusive disease.94,95 Although 
there are no pathognomonic angiographic findings in TAO, angio-
graphy helps establish the diagnosis when taken in the context of 
a compatible clinical presentation. The classic angiographic pic-
ture of TAO consists of arterial occlusive disease confined to the 
distal circulation, most often infrapopliteal and infrabrachial, with 
proximal arteries free of atheroma, aneurysms, and other sources 
of emboli (Fig. 44-7). There are often areas of disease interspersed 
with normal-appearing vessels (skip areas). In the absence of diabe-
tes, isolated arterial occlusive disease distal to the popliteal artery 
virtually never occurs in atherosclerosis. Commonly, angiographic 
abnormalities are observed in the digital arteries of the fingers and 
toes, the palmar and plantar arteries of the hands and feet, and the 
radial, ulnar, anterior tibial, posterior tibial, and peroneal arteries.96,97

Distal small- to medium-artery involvement, segmental occlu-
sions, and corkscrew-shaped collaterals around areas of  occlusions 
are characteristic angiographic findings in TAO (Fig. 44-8). 
Corkscrew collaterals are not specific for TAO, however, and may 
be observed with any disease process that results in small-vessel 
occlusive disease. In particular, arterial occlusive disease due to 
scleroderma or CREST syndrome can closely mimic the angio-
graphic appearance of TAO. Findings of arterial wall irregularity, 
vascular calcification, and proximal artery involvement should call 
a diagnosis of TAO into question.

n Age younger than 45 years at disease onset
n Current or recent history of tobacco use
n symptoms and signs of distal extremity ischemia with confirmation by 

noninvasive testing
n Consistent angiographic findings
n Exclusion of thrombophilia, autoimmune disease, diabetes mellitus, and a 

proximal source of emboli
n supportive tissue biopsy in patients with unusual presentations such as 

large-artery involvement or age older than 45-50 years at symptom onset

BOX 44-2 Common Criteria for the Diagnosis  
of Thromboangiitis Obliterans

FIGURE 44-7 Catheter-based angiogram demonstrating severe 
infrapopliteal arterial occlusive disease in patient with thromboangiitis 
obliterans (TAO). In right leg, anterior tibial artery (black arrow) occludes just 
distal to its origin. Posterior tibial artery tapers and then occludes in the mid- to 
distal calf (white arrow). In left leg, anterior tibial artery is patent, but posterior 
tibial (white arrow) occludes several centimeters after its origin. Peroneal artery 
(arrowhead) tapers in mid-calf.



541

CH 
44

T
H

R
o

m
bo

A
n

g
iiT

is o
bliT

ER
A

n
s (bu

ER
g

ER
's D

isEA
sE)

Role for Biopsy
Tissue biopsy is rarely required for the diagnosis of TAO unless 
the clinical presentation involves an unusual vascular territory 
or a patient older than 45 or 50 years of age at the onset of symp-
toms. Biopsy is most likely to be diagnostic when obtained from 
a vein with superficial thrombophlebitis during the acute phase 
of the disease. A highly inflammatory thrombus, relative sparing 
of the blood vessel wall, and preservation of the internal elastic 
lamina in arterial biopsies are characteristic histological find-
ings in TAO.

Prognosis
Prognosis for patients with TAO greatly depends on their abil-
ity to discontinue tobacco use. In a retrospective series of 110 
patients with TAO (106 men, 4 women; mean age, 40 years), the 
natural history of the disease was compared in those who quit 
smoking and those who did not.98 Seven of 110 study patients 
(6%) died during a mean follow-up of 10.6 years. Forty-seven 
patients (43%) underwent 108 amputation procedures, including 
 either major amputation (13 patients) or minor amputation (34 
patients) of an upper or lower extremity. Of 69 patients who con-
tinued smoking, 13 patients (19%) underwent major amputation. 
None of those who stopped smoking underwent amputa-
tion. Continued smoking correlated with the risk of limb amputation 
(P = 0.007).

Quality of life is substantially diminished in patients with 
TAO.98,99 In the retrospective analysis referenced above, 11 of 13 
patients (85%) who underwent major lower-limb amputation lost 
their jobs, compared to only 9 of 97 patients (9%) without major 
amputation.98 Limb amputation strongly correlated with job loss 
(P < 0.0001).

Management
Although various options exist for TAO management, discon-
tinuation of tobacco use is the definitive and most effective 
therapy for the disease (Box 44-3). Efficacy of alternative ther-
apies in TAO is profoundly limited in the setting of ongoing 
tobacco use.

Tobacco Cessation
Again, the cornerstone of therapy for TAO is total discontinuation of 
any tobacco use (Box 44-4). Even a few cigarettes a day may drive 
disease progression and culminate in amputation.1,17,100,101 Patients 
should be counseled to abstain from using smokeless tobacco as 
well as smoking marijuana; both have been associated with TAO.21–23  
Patient education on the role of tobacco exposure in initiation, 
maintenance, and progression of TAO is of paramount importance. 
Adjunctive measures to assist in discontinuing tobacco use (e.g., 
pharmacotherapy, smoking-cessation groups) should be made 
available to all patients with TAO. However, nicotine replacement 
therapy should be avoided in these patients because it may con-
tribute to disease activity. Agents such as bupropion and vareni-
cline may be preferred as smoking-cessation aids in patients with 
TAO. Although it remains unclear whether passive smoke expo-
sure can cause TAO, patients with active disease should be advised 
to avoid second-hand smoke as much as possible.

A B

FIGURE 44-8 A, Catheter-based angiogram of left forearm and hand, demonstrating tapering occlusion of left radial artery (arrowhead) and ulnar artery (arrow) 
at the wrist. All proximal arteries were normal. B, Right hand of same patient demonstrated an occluded ulnar artery at the wrist (large arrow). A patent radial artery 
fills the deep palmar arch. Multiple segmental digital artery occlusions are present (small arrows). Numerous “corkscrew collaterals” (arrowheads), which represent 
collateralization around occluded segments, are visualized. (Reproduced with permission from Olin JW, Shih A: Thromboangiitis obliterans (Buerger's disease). Curr Opin 
Rheumatol 18:18–24, 2006.)

n Tobacco cessation
n Vasodilators:

n Prostacyclin analogs
n α-Adrenergic receptor antagonists
n Calcium channel antagonists
n Phosphodiesterase (PDE) inhibitors (cilostazol, sildenafil)
n Transdermal nitrates

n Peripheral periarterial sympathectomy
n Regional sympathetic blockade
n spinal cord stimulation
n intermittent pneumatic compression
n Therapeutic angiogenesis
n Endovascular therapy
n surgical revascularization:

n Arterial bypass surgery
n omental transfer
n Amputation

n local wound care:
n Debridement
n Vacuum-assisted wound closure

BOX 44-3 Therapeutic Options for the Management 
of Thromboangiitis Obliterans
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It has been stated in the past that patients with TAO have a 
greater degree of tobacco dependence than those with ath-
erosclerotic cardiovascular disease, but this is not an accurate 
assumption. Patients with TAO may have a higher frequency of 
tobacco cessation than those with atherosclerotic vascular dis-
ease. In a study of 112 patients with TAO followed over a mean 
of 92 months, 43 (48%) patients stopped smoking for a mean of 
80 months.17 A case-control study compared 103 patients with TAO 
confirmed on angiography, biopsy, or noninvasive testing with 273 
patients with coronary artery disease (CAD) confirmed by angio-
graphy to determine patterns of tobacco dependence.102 Degree 
of tobacco dependence in each group was ascertained by ques-
tionnaire. Kaplan-Meier curves demonstrated no significant differ-
ence in time to tobacco cessation after initial diagnosis. Patients 
with TAO smoked fewer cigarettes per day than those with CAD 
(22.3 ± 10.7 vs. 27.7 ± 15.3 cigarettes/day, P = 0.003). Among 170 
current smokers in the analysis, patients with TAO smoked fewer 
cigarettes/day (20.2 ± 8.2 vs. 24.6 ± 12.7, P = 0.03) and were more 
likely to have made a serious attempt to quit smoking (97% vs. 
90%, P = 0.03). Based on these data, the study investigators con-
cluded that patients with TAO did not appear to have greater 
tobacco dependence than CAD patients.

Patients with TAO should be reassured that if they are able to 
discontinue tobacco use, the disease will become quiescent and 
the risk of amputation will greatly diminish, provided critical limb 
ischemia is not present. If significant arterial occlusive disease has 
developed, symptoms of intermittent claudication and secondary 
vasospasm (Raynaud phenomenon) may continue but should 
not progress. Alternative therapies such as vasodilators may help 
reduce symptoms in such patients.

Vasodilators
The use of vasodilators in patients with TAO is largely palliative. The 
most extensive clinical experience with vasodilators in TAO comes 
from trials evaluating the prostacyclin analog iloprost. In a pro-
spective randomized double-blind trial, 133 patients with TAO 
and critical limb ischemia were randomly allocated to receive ilo-
prost or low-dose aspirin for 28 days.103 Lower-extremity ischemic 
ulcerations were present in 98 patients. At 1-month follow-up, 58 
(85%) of 68 iloprost-treated patients showed ulcer healing or relief 
of rest pain, compared with 11 (17%) of 65 in the aspirin-treated 
group. Compared with 18 (28%) on aspirin, 43 (63%) treated with 
iloprost had complete relief of pain. Ulcers healed completely in 
18 of 52 (35%) treated with iloprost, compared with 6 of 46 (13%) 
who received aspirin. At 6-month follow-up, the response rate was 
45 of 51 (88%) patients treated with iloprost, compared with 12 of 
44 (21%) patients treated with aspirin.

A pharmacokinetic study demonstrated that an oral extended-
release preparation of iloprost had pharmacological equiva-
lence to the intravenous formulation in patients with TAO.104 
Based on these findings, a double-blind randomized trial com-
paring oral iloprost with placebo was conducted in 319 TAO 
patients with rest pain, trophic lesions, or both.105 The primary 
study end point was total healing of the most important lesion; a 
secondary end point was relief of rest pain without need of anal-
gesic medications. A combined end point included amputation- 
free survival, absence of trophic lesions and rest pain, and need 
for analgesic medications. Total healing of trophic lesions was 
not significantly different between study groups at any time 
point. Low-dose oral iloprost was significantly more effective 
than placebo at end of follow-up in relieving rest pain, without 
the need for analgesic medications, and improving the benefit 
over placebo. Based on these studies, iloprost may be consid-
ered for patients with TAO who have critical limb ischemia and 
require symptomatic relief early in the treatment period while 
they discontinue tobacco use.

Phosphodiesterase (PDE) inhibitors with vasodilator prop-
erties have the potential to play a role in the management of 
TAO, but require evaluation in prospective trials. Although not 
specifically described in patients with TAO, cilostazol has been 
reported to aid in healing ischemic ulcerations in patients who 
were ineligible for revascularization.106,107 Although it is help-
ful in treating claudication due to atherosclerotic peripheral 
vascular disease, clinical experience with cilostazol for this 
indication in patients with TAO is limited. Sildenafil may repre-
sent another option in this drug class for patients with TAO, but 
requires investigation.

Other vasodilators such as α-adrenergic receptor antagonists, 
calcium channel antagonists, and transdermal nitrates may be 
helpful in patients who experience vasospasm, but these agents 
have not been studied in prospective clinical trials.

Periarterial Sympathectomy and Sympathetic 
Blockade
Peripheral periarterial sympathectomy may be considered for 
patients with refractory pain and digital ischemia due to TAO 
but remains controversial. Sympathectomy has anecdotally been 
reported to occasionally assist the healing of ischemic ulcerations, 
but a series from the Cleveland Clinic demonstrated no difference 
in amputation rate in patients undergoing the procedure com-
pared to those who did not.17 In a single case report, intravenous 
regional sympathetic blockade (Bier block) with guanethidine 
and lidocaine increased finger blood flow and resulted in com-
plete disappearance of fingertip ischemic ulcerations and rest 
pain in a patient with advanced TAO.108

Spinal Cord Stimulation
Epidural spinal cord stimulation has been evaluated in a lim-
ited number of patients to decrease ischemic pain and avoid 
amputation when revascularization is not feasible and other 
therapeutic interventions have not been effective.109–112 In a ret-
rospective study, 29 patients were evaluated to determine the 
effect of epidural spinal cord stimulation in the treatment of 
TAO.113 The regional perfusion index (ratio between foot and 
chest transcutaneous oxygen pressure) at baseline was 0.27 ± 
0.25. Three months after spinal cord stimulation implantation, 
the regional perfusion index increased to 0.41 ± 0.22. During 
the 1- and 3-year follow-up period, sustained improvement in 
microcirculation was recorded. The most pronounced improve-
ment in regional perfusion index values was observed in the 
subgroup of 13 patients with trophic lesions. In this group, the 
regional perfusion index increased significantly from 0.17 ± 
0.21 to 0.4 ± 0.18 (P < 0.02) after a mean follow-up of 5.7 years. 
Limb survival rate was 93.1%.

n Educate patients on the critical role of tobacco in the initiation, 
maintenance, and progression of thromboangiitis obliterans (TAo).

n Counsel patients and members of their households about the role of 
secondhand smoke exposure in perpetuating the disease process.

n Ask the patient at every office visit if they have been successful in tobacco 
cessation. This approach lets the patient know that tobacco cessation is 
the single most important aspect in treating this disease.

n Explain to patients the limited efficacy of alternative therapies for TAo 
in the absence of complete and continued tobacco cessation.

n measure urinary nicotine, cotinine, and cannabis in patients who 
continue to have signs and symptoms consistent with active disease, 
despite claims of tobacco cessation.

n offer adjunctive therapies such as pharmacotherapy and smoking-cessation 
groups to assist with discontinuation of tobacco use.

n Prescribe bupropion and varenicline as the preferred pharmacological 
adjuncts to assist in tobacco cessation because nicotine replacement 
therapy may contribute to continued disease activity.

Box 44-4 Pearls for Tobacco Cessation in Patients 
with Thromboangiitis Obliterans
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Intermittent Pneumatic Compression
Intermittent pneumatic compression of the foot and calves has 
been used to augment perfusion to the lower extremities in 
patients with severe claudication or critical limb ischemia who 
are not candidates for revascularization because of advanced 
distal arterial occlusive disease, including those with TAO. In a 
retrospective study at the Mayo Clinic, the effect of intermittent 
pneumatic compression on nonhealing wounds was evaluated 
in 101 patients with critical limb ischemia and  lower-extremity 
ulcerations.114 Of all ulcerations, 64% were multifactorial in eti-
ology, and 60% had associated transcutaneous oxygen tension 
levels below 20 mmHg. Patients were instructed to use the inter-
mittent compression device on the affected limbs for 6 hours 
daily. Complete wound healing with limb preservation was 
achieved in 40% of patients with transcutaneous oxygen ten-
sion levels below 20 mmHg, 48% with osteomyelitis or active 
wound infection, 46% with insulin-requiring diabetes mellitus, 
and 28% with a previous amputation. Intermittent pneumatic 
compression appears to be most beneficial for patients with 
distal arterial occlusive disease and in whom revascularization 
is not feasible.

Therapeutic Angiogenesis and Cell-Based 
Therapy
A limited number of options for patients with severe distal arte-
rial occlusive disease and critical limb ischemia due to TAO has 
driven a growing interest in therapeutic angiogenesis. In a study 
of seven limbs in six patients with TAO and critical limb ischemia, 
direct intramuscular injection of naked plasmid DNA-encoding 
vascular endothelial growth factor (VEGF) resulted in complete 
healing of ischemic ulcerations that were nonhealing for more 
than 1 month in three of five limbs.115 Nocturnal rest pain was 
relieved in the remaining two patients with ulcerations. Evidence 
of improved perfusion to the distal ischemic limb included an 
increase of more than 0.1 in the ankle:brachial index in three 
limbs, improved flow shown by MR imaging in all seven limbs 
studied, and newly formed collateral vessels demonstrated on 
serial catheter-based angiography in all seven limbs studied. 
Two patients with advanced distal-extremity gangrene ultimately 
required below-knee amputation despite evidence of improved 
perfusion. The efficacy of therapeutic angiogenesis with VEGF 
gene transfer for patients with TAO requires confirmation in a pro-
spective controlled trial.

Several studies have evaluated autologous bone marrow mono-
nuclear cell implantation for patients with critical limb ischemia 
due to TAO.116–119 Although short-term results with autologous 
bone marrow mononuclear cell implantation have been promis-
ing, long-term safety and efficacy remain to be demonstrated.120 
Autologous whole bone marrow stem cell transplantation may rep-
resent another promising avenue for therapeutic angiogenesis in 
patients with TAO.121,122

Revascularization Strategies
ENDOVASCULAR THERAPY

Endovascular therapy for arterial revascularization in patients with 
TAO remains controversial. Selective intraarterial infusion of fibri-
nolytic therapy has been reported as an adjunctive treatment in 
these patients.123–126 In one series, selective low-dose intraarterial 
streptokinase (10,000 unit bolus followed by 5000 units/h infusion) 
was administered to 11 patients with TAO of the lower limbs that 
caused variable degrees of gangrene or pregangrene of the toes 
or feet, and who had no other possible therapeutic options except 
major amputation.125 The investigators noted the overall success 
rate (defined as an altered or avoided amputation) to be 58.3%. 
Notably, bleeding complications were observed in 16.6% of the 
total at-risk limbs included in the study.

The efficacy of intraarterial fibrinolysis for TAO may not be 
as high as initially reported. From a pathological standpoint, the 
highly inflammatory thrombus observed in TAO is quickly invaded 
by fibroblasts and subsequently organized, making it quite resis-
tant to fibrinolysis. In patients facing amputation and in whom no 
other alternatives for revascularization exist, a short trial of intra-
arterial fibrinolysis may be reasonable to avoid amputation in the 
absence of contraindications.

Other percutaneous techniques, including angioplasty and stent 
placement, have a very limited role in TAO treatment because of 
the distal and small-vessel nature of the disease.

SURGICAL REVASCULARIZATION

Surgical revascularization is usually not possible in patients with 
TAO because of the distal and diffuse nature of the disease, with 
extremely poor runoff. In addition, there is rarely a suitable distal 
target vessel for bypass. Short- and long-term patency rates are poor. 
Superficial thrombophlebitis of the lower extremities frequently 
limits the number and quality of venous conduits  available for 
bypass surgery. However, surgical bypass using autologous vein 
may be considered in selected patients with severe ischemia, suit-
able distal target vessels, and good-quality venous conduits. In 
a series of 236 patients with TAO, only 11 (4.6%) had occlusive 
lesions that were amenable to surgery.127 In a retrospective study of 
101 patients with TAO who were followed for a mean of 10.6 years, 
outcomes after surgical bypass were often suboptimal, with pri-
mary patency rates of 41%, 32%, and 30% and secondary patency 
rates of 54%, 47%, and 39% at 1, 5, and 10 years, respectively.98 Graft 
patency rates are nearly 50% lower in TAO patients who continue 
to smoke after surgical revascularization.128 For reasons already 
mentioned, lower-extremity bypass surgery in patients with TAO is 
rarely carried out in the United States.1–3,17–19

Long-term patency of surgical bypass grafts is limited, but short-
term patency may be sufficient to allow healing of ischemic ulcer-
ations due to TAO and preservation of the at-risk limb. In a study 
of 94 patients with TAO, 27 of 36 (81%) patients who were eligi-
ble for surgery underwent revascularization.129 During 36-month  
follow-up, patency rates at 12, 24, and 36 months were 59.2%, 48%, 
and 33.3%, respectively. Despite these low patency rates, limb sal-
vage rate was 92.5%.

Another surgical option for patients with TAO consists of omen-
tal transfer.130–134 In a study of 50 patients with TAO who under-
went omental transfer, all had intermittent claudication, and 40 
had evidence of critical limb ischemia such as rest pain, non-
healing ulcers, or gangrene.134 All patients demonstrated improved 
skin temperature, 36 reported improved rest pain, and 48 noted 
increased claudication-free walking distance. Ischemic ulcerations 
healed in 32 of 36 patients. Despite these data, omental transfer 
has not been adopted by most major centers. The reason for this 
remains unclear but may be due to the lack of published data from 
centers outside of India where the technique was pioneered.

Unfortunately for a subset of patients with TAO, amputation is 
necessary to treat refractory rest pain or prevent progression of 
local infection, including osteomyelitis. In a registry of 111 patients 
with TAO followed for a mean of 15.6 years at the Mayo Clinic, risk 
of any amputation was reported to be 25% at 5 years, 38% at 10 years, 
and 46% at 20 years.99 Risk of major amputation was observed to 
be 11% at 5 years, 21% at 10 years, and 23% at 20 years. Amputation 
rate was substantially reduced among patients who discontinued 
tobacco use compared with those who did not. The authors noted 
that the increased risk of amputation in former smokers was elimi-
nated by 8 years after tobacco cessation.

Local Wound Care
For patients with areas of frank or threatened ischemic ulcer-
ation due to TAO, local wound care is of paramount importance. 
Consultation with wound care specialists can provide recommen-
dations for dressings and other local interventions to aid wound 
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healing. In addition, wound care specialists can educate patients 
about daily care and warning signs of progression or infection. In 
patients with more advanced ischemic ulcerations or gangrene, 
local débridement and appropriate antibiotic therapy may be 
required. Vacuum-assisted wound closure may be promising in 
patients with TAO and ischemic ulcerations, but requires further 
investigation.135

Supportive Care
Supportive care in patients with TAO and ischemic rest pain 
or ulcerations is identical to that for patients with critical limb 
ischemia due to any other arterial occlusive disease. A reverse 
Trendelenburg position should be used in patients who have 
severe ischemic rest pain. Adequate analgesia, with narcot-
ics if required, should be used to manage periods of severe 
ischemic pain. Maintenance of central and peripheral warmth 
is crucial to reduce cold-induced vasospasm. Meticulous 
skin care of the hands and feet is important to prevent new 
ulcerations.

Unproven Therapies
Other alternative therapies that remain unproven in the treat-
ment of patients with TAO include antiplatelet agents, antico-
agulants, and hyperbaric oxygen therapy. Although they may 
be prescribed on an individual basis, the role of antiplatelet 
agents such as aspirin and clopidogrel has not been established 
in TAO. Likewise, therapeutic anticoagulation has never been 
shown to be effective in TAO treatment. Despite this, some clini-
cians have used anticoagulation in an effort to delay amputation 
and improve collateral flow in severe critical limb ischemia. A 
short 30- to 45-day course of anticoagulation may also be used 
in patients with severe symptoms due to superficial thrombo-
phlebitis.136,137 Pentoxifylline increases red blood cell membrane 
flexibility and has been used with limited benefit in patients 
with claudication due to atherosclerotic peripheral vascular dis-
ease of the lower extremities. Its role, if any, in TAO remains to be 
defined. Hyperbaric oxygen therapy has shown promise in the 
healing of cutaneous wounds due to a variety of disorders but 
has not been evaluated in treating TAO patients. Although they 
have pleomorphic effects that include modulation of inflamma-
tory pathways, which may benefit patients with TAO, the role of 
statins in managing this disorder is unclear.

Overall Therapeutic Algorithm
An overall therapeutic algorithm for patients with TAO emphasizes 
tobacco cessation and then addresses symptoms based on extent 
of arterial and venous occlusive disease (Fig. 44-9).

Future Perspectives
Although the pathophysiology of TAO is not completely under-
stood, the role of tobacco use in disease initiation and activity is 
indisputable. Continued population- and individual-based efforts 
to decrease the frequency of tobacco use will not only prevent 
TAO but also other smoking-related illnesses such as lung cancer, 
chronic obstructive pulmonary disease, and atherosclerotic cardio-
vascular disease.

For patients who are unable to discontinue tobacco use or for 
those who require palliative therapy to help them get through an 
episode of critical limb ischemia, more effective therapeutic alter-
natives would be beneficial. Gene therapy or cell-based therapy 
holds the greatest promise in this regard. Prospective randomized 
trials will have to be conducted to determine whether therapeu-
tic angiogenesis is in fact a useful treatment strategy for patients 
with TAO. Since TAO is a vasculitis characterized by inflammatory 
thrombus, improved understanding of the mechanisms of inflam-
mation in this disease as well as medications that modulate vas-
cular inflammation may result in more effective therapy for this 
disorder.
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C H A P T E R  45  Kawasaki Disease
David R. Fulton, Jane W. Newburger

Kawasaki disease, initially described by Dr. Tomisaku Kawasaki 
in 1967,1 is an acute systemic vasculitis of uncertain etiology that 
predominantly affects infants and young children. The disease 
has been described worldwide and occurs in all populations. The 
 classic presentation of the illness is marked by at least 4 days of 
fever, oral mucositis, nonexudative conjunctivitis, erythematous 
nonvesicular rash, changes in the hands and feet including edema 
or erythema, and cervical lymphadenopathy2 (Box 45-1). Coronary 
artery dilation or aneurysms affect up to 25% of those who are 
not treated with intravenous gamma globulin (IVIG) early in the 
course of the disease. In patients who develop aneurysms, angina, 
myocardial infarction (MI), and death may ensue during the acute 
phase3 or months to years later.4

Epidemiology
Despite its description in diverse areas of the world, by far the great-
est number of cases have been reported in Japan. Indeed, in the 
most recent Japanese nationwide survey performed in calendar 
years 2007 and 2008, the incidence rate was over 200 per 100,000 
children younger than 5 years of age.5 In Japan, 1.4% of cases 
occur in children with a previously affected sibling. The  disease 
can recur (≈3.5% in Japan), but person-to-person transmission 
is unusual. Lack of a mandatory national reporting system in the 
United States hinders epidemiological analysis, but administra-
tive data from  hospital discharge abstracts suggested that more 
than 4000 U.S. hospitalizations were associated with Kawasaki 
disease in the year 2000.6 Among children younger than age 5, 
occurrence was greatest in Asians (33.3/100,000), somewhat less 
in African Americans (23.4/100,000), and lowest in Caucasians 
(12.7/100,000).6 Outbreaks are more likely in the late winter and 
early spring,  suggesting an infectious etiology, but a steady back-
ground activity of cases is noted throughout the remainder of 
the year. Males outnumber females, generally in a ratio of 1.4:1. 
Although Kawasaki disease is most common in children younger 
than age 5, the illness is being more commonly recognized in older 
children and adolescents.7

Etiology and Pathogenesis
The search for an etiological agent has been wide-ranging over the 
course of the past 3 decades, but to date the cause of Kawasaki 
disease is unknown. Although Kawasaki disease is not spread 
by person-to-person transmission, features suggesting an infec-
tious etiology include its peak incidence in young children; clini-
cal features including fever, rash, and conjunctivitis; the increase 
in incidence in winter and early spring; and the past occurrence 
of nationwide epidemics in Japan. Prior exposure of index cases 
to freshly cleaned carpets has been reported to be a risk  factor 
by some investigators,8 although other studies have not con-
firmed this association,9 and no specific organism or toxin has 
been  identified in the rugs. Some researchers hold that Kawasaki 
 disease is caused by a single agent,10 but others believe the marked 
immune response typical in Kawasaki disease can be triggered by 
a  variety of different agents.11 Reports of selective expansion of Vβ2 
and Vβ8 T-cell receptor families have implicated specific superan-
tigens, including TSST-1-secreting strains of Staphylococcus aureus 
and streptococcal pyrogenic exotoxin B- and C-producing strepto-
cocci.12 The only animal model of Kawasaki disease, which uses 
Lactobacillus casei to induce coronary arteritis in mice, implicates 
a toxin-mediated etiology.13 By contrast, Rowley has found support 
for a typical antigen-driven response by demonstrating oligoclonal 
immunoglobulin (Ig)A plasma cells and IgA heavy chain genes, as 

well as macrophages and CD8 T lymphocytes in inflamed arterial 
tissue of individuals with fatal Kawasaki disease.14 With a synthetic 
IgA antibody, these investigators have demonstrated intracytoplas-
mic inclusion bodies with aggregates of nucleic acids and viral pro-
teins in the proximal bronchial epithelium and coronary arteries in 
most postmortem specimens from Kawasaki disease.15 These ribo-
nucleic acid (RNA)-containing cytoplasmic inclusion bodies were 
demonstrated in 85% of postmortem specimens from Kawasaki 
disease patients but few young age-matched children. The finding 
that 25% of older children but adult controls have such inclusion 
bodies postmortem is consistent with the hypothesis that Kawasaki 
 disease could be caused by a ubiquitous RNA virus that persists 
and causes the clinical features of Kawasaki disease in susceptible 
children.16,17

Kawasaki disease is accompanied by significant  derangements 
in the immunoregulatory system that lead to coronary inflam-
mation and coronary artery abnormalities (dilation, aneurysm 
 formation, and giant aneurysms) in some patients. Profound 
immune activation is evidenced by release of proinflammatory 
cytokines and growth factors, endothelial cell (EC) activation, and 
 infiltration of the coronary arterial wall first by neutrophils, and 
then by CD68+ monocyte/macrophages, CD8+, CD3+, and CD20+ 
 lymphocytes, and IgA plasma cells.18–26

Release of matrix metalloproteinases (MMPs) may further  disrupt 
arterial wall integrity, leading to aneurysms of the coronary  arteries 
and occasionally of other extraparenchymal medium-sized 
 muscular arteries.27 Kawasaki disease patients with coronary artery 
lesions have higher levels of MMPs and higher ratios of MMPs to tis-
sue inhibitors of metalloproteinases (TIMPs) than those without 
coronary abnormalities,28 suggesting these circulating proteins 
may play an active role in coronary arterial remodeling. Data to 
suggest an important role for MMPs in the pathogenesis of aneu-
rysms also comes from recent research on genetic risk factors, 
showing that MMP-3 rs3025058 (−/T) and haplotypes containing 
MMP-3 rs3025058 (−/T) and MMP-12 rs2276109 (A/G) were associ-
ated with a higher risk of aneurysm formation.29

Genetic factors have long been recognized to play an impor-
tant role in susceptibility to Kawasaki disease. Children of Japanese 
ancestry have a relative risk 10 to 15 times higher than that of 
Caucasian children, whether they live in Japan or the United States. 
Furthermore, siblings have a relative risk 6 to 10 times greater than 
that of children without a family history. The parents of Japanese 
children with Kawasaki disease are twice as likely to have had 
the disease themselves in childhood than expected in the  general 
population.30 In addition to MMP haplotypes, increased suscepti-
bility to Kawasaki disease has been related to genetic  variations in 
the transforming growth factor (TGF)-β pathway,31 CC  chemokine 
receptor 5 (CCR5) and/or its ligand CCL3L1,32 and ITPKC (a 
 negative regulator of T cell activation)33 among others. In a genome-
wide association study, investigators recently identified a single 
functional network containing LNX1, CAMK2D, ZFHX3, CSMD1, 
and TCP1, believed to be relevant to inflammation and apoptosis.34 
Functional genomics may eventually allow  development of new 
diagnostic tests and therapies for Kawasaki disease.

Pathology
Because mortality in this disease is uncommon (ranging from 
0%-0.17% in the United States), published studies on the histo-
pathology of early Kawasaki disease are limited.35,36 The origi-
nal pathological description of Kawasaki disease by Fujiwara 
and Hamashima was based on autopsy findings of children 
dying in the acute and subacute phases of Kawasaki disease 
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before  available treatment with IVIG.35 In this early study, they 
 established four categories of illness on the basis of time from 
onset of the disease: stage 1 (0-9 days), stage 2 (12-25 days), stage 3  
(28-31 days), and stage 4 (40 days-4 years). Stage 1 was charac-
terized by  vasculitis of small vessels and microvessels, perivas-
culitis and endarteritis of the coronary vessels, and pancarditis. 
Pancarditis was seen also in stage 2, with coronary artery  vasculitis, 
sometimes with aneurysm formation and coronary thrombosis. 
By stage 3, the acute inflammation had subsided, but myointi-
mal proliferation of the coronary arteries was evident. In stage 4, 
 coronary artery stenosis was noted for the first time. In stage 1, 
death resulted from arrhythmia and myocarditis, with evolution 
to ischemia and infarction with greater time from onset of disease 
to postmortem examination. Indeed, patients who die late after 
Kawasaki disease often have coronary artery stenoses resulting 
from neointimal proliferation and  fibrosis.35,36 Within aneurysms, 
the internal elastic lamina is  disrupted, and medial smooth  
muscle is replaced by fibroblasts and extracellular matrix (ECM).37  
Finally, growth factors are expressed in the areas subjected to the 
greatest shear stress, particularly at the proximal and distal ends 
of an aneurysm.38 Peripheral artery  aneurysms (e.g., occurring 
in axillary or iliac arteries) are found only among patients with 
giant coronary artery aneurysms.

Clinical Presentation
Because no laboratory test or pathognomonic feature is available for 
Kawasaki disease, the diagnosis must be made on clinical grounds. 
First described by Kawasaki on the basis of his observations in 
Japanese children,39 the classic criteria have continued to serve as 
the standard adopted by the American Heart Association (AHA; see 
Box 45-1) for arriving at the diagnosis.2 They include fever for 4 days 
or more and at least 4 of the 5 following findings: (1) a nonexuda-
tive bilateral conjunctivitis, (2) oral changes with erythematous or 
dry cracked lips, strawberry tongue, or pharyngitis, (3) a nonvesicu-
lar rash, often involving the trunk, perineum, and extremities, (4) 
erythema of the palmar and plantar surfaces, edema of the hands 
or feet, or periungual desquamation 2 weeks after illness onset, and 
(5) anterior cervical lymphadenopathy of 1.5 cm or greater, usually 
unilateral. Alternatively, the diagnosis can be made with fewer than 
4 of 5 criteria in the presence of coronary artery abnormalities. Not 
all criteria have to be present simultaneously to make the diagnosis; 
indeed, it is common for some findings to resolve as others appear, 
making serial evaluation of the child essential.

The epidemiological case definition is not fulfilled in almost a 
third of children who develop coronary artery aneurysms.40 To cap-
ture incomplete cases, the 2004 AHA recommendations include an 
algorithm for evaluation and treatment of suspected Kawasaki dis-
ease in children with at least 5 days of fever and only two or three 
clinical criteria.2 Furthermore, infants younger than 6 months of 
age present a particular challenge because they often have incom-
plete criteria, yet are at greater risk for development of coronary 
artery abnormalities. The diagnosis should be considered and 
echocardiography performed in young infants who have fever for 

at least 7 days without documented source and whose laboratory 
tests indicate substantial systemic inflammation.2

Other supportive signs are present in many children with 
Kawasaki disease (Box 45-2). The rash, when perineal in loca-
tion, often desquamates by the end of the first week of illness. 
Anterior uveitis can be identified by slit-lamp examination in 83% 
of patients early in the course.41 Arthralgia and arthritis of large and 
small joints may be severe enough that children refuse to walk or 
perform tasks with their hands, but the arthritis is virtually never 
chronic. Abdominal signs including vomiting, diarrhea, or hydrops 
of the gallbladder are common.

Laboratory values in the acute phase are consistent with 
 systemic inflammation. Acute-phase reactants, including erythro-
cyte sedimentation rate (ESR) and C-reactive protein (CRP), are 
markedly increased. White blood cell (WBC) count is elevated 
with a leftward shift, and a normochromic, normocytic anemia is 
noted within the first week of illness. Thrombocytosis is usually 
present by the second week of the disease, often peaking at counts 
greater than 1,000,000 mm3 in association with hypercoagulability. 
These parameters often persist over the first month of the illness 
and gradually decline. Hepatocellular inflammation is accom-
panied by increases in γ-glutamyl transferase. Sterile pyuria and  
pleocytosis of cerebrospinal fluid,42 both with mononuclear cells, 
are found frequently. Laboratory measures of  systemic inflamma-
tion usually return to normal by 6 to 8 weeks after illness onset.

Cardiac Manifestations
Coronary Artery Abnormalities
Kawasaki disease causes coronary artery abnormalities in 15% 
to 25% of patients who are not treated in the acute phase of the 

CRP, C-reactive protein; ECG, electrocardiogram; ESR, erythrocyte sedimentation rate; MI, 
myocardial infarction. Adapted from American Heart Association Scientific Statement: 
Diagnosis, treatment, and long-term management of Kawasaki disease. Circulation 110:2751, 
2004.

Box 45-2  Other Significant Clinical and Laboratory 
Findings in Kawasaki Disease

Cardiovascular
On auscultation, gallop rhythm or distant heart sounds; ECG changes 

(arrhythmias, abnormal Q waves, prolonged PR or QT intervals or both; 
occasionally low-voltage or ST-T wave changes); chest x-ray abnormalities 
(cardiomegaly); echocardiographic changes (pericardial effusion, 
coronary aneurysms, or decreased contractility); mitral or aortic valvular 
insufficiency or both; and (rarely) aneurysms of peripheral arteries (e.g., 
axillary), angina pectoris, or MI

Gastrointestinal
Diarrhea, vomiting, abdominal pain, hydrops of gallbladder, paralytic ileus, 

mild jaundice, and mild increase of serum transaminase levels

Blood
Increased ESR, leukocytosis with left shift, positive CRP, hypoalbuminemia, 

and mild anemia in acute phase of illness (thrombocytosis in subacute 
phase)

Urine
Sterile pyuria of urethral origin and occasional proteinuria

Skin
Perineal rash and desquamation in subacute phase and transverse furrows of 

fingernails (Beau's lines) during convalescence

Respiratory
Cough, rhinorrhea, and pulmonary infiltrate

Joints
Arthralgia and arthritis

Neurological
Mononuclear pleocytosis in cerebrospinal fluid, striking irritability, and 

(rarely) facial palsy

Fever persisting at least 4 days or more without other source in association 
with at least 4 principal features:

1. Oral changes that may include erythema or cracking of the lips, 
strawberry tongue, erythema of the oral mucosa

2. Bilateral nonexudative conjunctival injection
3. Polymorphous rash, generally truncal involvement, nonvesicular
4. Changes of extremities that may include erythema and edema of the 

hands or feet; desquamation of fingers and toes 1 to 3 weeks after onset of 
illness

5. Cervical lymphadenopathy, often unilateral, with at least 1 node ≥1.5 cm

Box 45-1  Principal Clinical Findings in Kawasaki 
Disease*

Adapted from American Heart Association Scientific Statement: Diagnosis, treatment, and 
long-term management of Kawasaki disease. Circulation 110:2751, 2004.

*Patients with fever and fewer than four criteria can be diagnosed with the presence of coronary 
artery disease (CAD) by two-dimensional (2D) echocardiography or coronary angiography.
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disease with high-dose IVIG. Lesions may be observed by echo-
cardiography as early as 1 week from the onset of fever, with fur-
ther progression of aneurysms ensuing in the next 3 to 4 weeks. 
Given the difficulty in reaching diagnostic confirmation of the ill-
ness using the classic criteria, identification of those at higher risk 
for coronary disease and for whom early treatment could reduce 
extent of involvement has led investigators to focus on predic-
tive factors for coronary artery abnormalities. Many studies have 
explored predictors of  coronary artery aneurysms. Late diagno-
sis and treatment with IVIG is the most important modifiable risk 
factor.43 Infants younger than age 6 months are at the highest risk 
for developing aneurysms, even when they are treated within the 
first 10 days of illness. The youngest infants frequently present with 
incomplete or atypical features, further increasing their risk of 
aneurysms by delaying diagnosis and IVIG treatment. Older chil-
dren are also at higher risk for coronary aneurysms, in part because 
care providers do not consider Kawasaki disease as high in the 
differential diagnosis of the older child with fever.44 Many studies 
have highlighted the association of coronary aneurysms with per-
sistent and recrudescent fever, as well as with IVIG resistance.45,46 
Greater derangement of laboratory measures of the acute-phase 
response, reflecting more severe  vasculitis, is also predictive and 
include lower hematocrit or hemoglobin (Hb), lower serum albu-
min, lower serum sodium, higher alanine aminotransferase, higher 
CRP and ESR, lower baseline serum IgG, and elevations in inter-
leukin (IL)-6, IL-8, and other biomarkers.47–49 In addition, genetic 
polymorphisms (e.g., MMP haplotypes,29  polymorphisms of vascu-
lar endothelial growth factor [VEGF] and its receptors50) affect 
host  susceptibility to aneurysms.

Myocarditis
In acute Kawasaki disease, myocarditis is a frequent finding at 
autopsy and by biopsy.51,52 Gallium-67 citrate scans53 and techne-
tium-99 m-labeled WBC scans54 have also identified inflammatory 
myocardial changes in 50% to 70% of patients. Congestive heart 
failure (CHF) in the acute phase of the illness is generally the result 
of  myocarditis and improves rapidly with IVIG treatment, in many 
cases within 24 hours from initiation of treatment.55 Later implica-
tions of these early changes is speculative, but several investigators 
have evaluated pathology and clinical function late after Kawasaki 
disease. Myocardial biopsies in patients with long-term  follow-up 
have shown fibrosis, abnormal branching, and hypertrophy of 
myocytes unrelated to duration from illness onset.56 Although late 
noninvasive studies of myocardial function are encouraging, data 
on long-term myocardial function should accrue as the earliest 
Japanese cohorts reach middle age.57

Valve Regurgitation
Mitral and aortic regurgitation have been associated with 
Kawasaki disease in both early and chronic phases of the disease. 
In the acute stage, one in four children has mitral regurgitation 
of mild to moderate severity detected by two-dimensional (2D) 
echocardiography, which resolves in most children by the conva-
lescent phase.58 The frequency of aortic regurgitation has been 
reported to be as high as 5% in Japanese children59 but only 1% 
in a recent North American population with Kawasaki disease,58 
and there are rare reports of late-onset aortic regurgitation neces-
sitating valve replacement.60,61 The cause for aortic insufficiency 
is not known; however, it has been reported that the aortic root 
enlarges from baseline and remains dilated during the first year 
after illness onset,58,62 raising the possibility that coaptation of the 
leaflets is disturbed.

Other Cardiac Findings
Rarely, patients in the acute or subacute phase of Kawasaki 
disease can develop tamponade due to a pericardial effusion, 
although effusions greater than 1 mm occur in fewer than 5% 

of patients.58,63 Rupture of a giant aneurysm into the pericardial 
space is an even rarer cause of pericardial tamponade.64–66

Cardiac Testing
Electrocardiographic (ECG) findings are nonspecific and include 
sinus tachycardia, prolonged PR interval, and diffuse ST-T wave 
changes. In children with coronary artery aneurysms, ECG 
 abnormalities are useful in detecting myocardial ischemia and 
infarction.

Using 2D echocardiography, visualization of the proximal cor-
onary arteries in young children is almost always possible, and 
measurements correlate closely with those identified by angi-
ography. In addition to measurements of the proximal left main, 
anterior descending, circumflex, proximal, and middle right and 
posterior descending branches, assessment of ventricular func-
tion, pericardial fluid, and mitral and aortic regurgitation should 
be obtained. Coronary artery dilation may be present as early as 
the end of the first week of illness. In addition, findings on echo-
cardiography are used to determine the need for IVIG treatment 
of children with suspected Kawasaki disease on the basis of fever 
and incomplete criteria.2 As a result, echocardiography should be 
undertaken when the diagnosis is entertained, particularly as an 
incomplete clinical picture, with coronary artery abnormalities 
sufficient to make the diagnosis and initiate therapy.2,67 Serial stud-
ies are obtained at 10 to 14 days from onset of illness to assess for 
the presence of aneurysm development and at the end of the sub-
acute phase, 6 to 8 weeks from onset. Echocardiography should 
be performed more frequently in the child with coronary dilation 
at baseline, persistent fever, or other factors raising the likelihood 
of  development of  coronary aneurysms. Finally, children with 
giant aneurysms are at highest risk for development of coronary 
thrombosis in the first months after illness onset. For this reason, 
echocardiography may be performed once or twice a week until 
8 weeks after  illness onset or until coronary arteries stop enlarging 
and systemic  inflammation has subsided.

The definition of normal coronary artery dimensions has 
been the subject of some controversy. Criteria established by 
the Japanese Ministry of Health in 1984 defined as abnormal 
those  coronary arteries with lumen diameter greater than 3 mm 
in  children younger than 5 years, or greater than 4 mm in those 
older than age 5; lumen diameter 1.5 times the size of an adjacent 
segment; or irregular lumen.68 Others have shown that coronary 
artery size in normal children correlates linearly with  increasing 
body size. In patients with Kawasaki disease whose coronary 
arteries are classified as normal by Japanese Ministry of Health 
 criteria, the dimensions are larger than expected when adjusted 
for body  surface area (BSA) in all phases of the disease.69 Indeed, 
the median coronary z score at presentation in a multicenter trial 
was 1.43, significantly larger than the expected population norm 
in afebrile children of 0.49 Of note, normative data for febrile chil-
dren are not available.

Echocardiography in the acute phase of Kawasaki disease is 
also useful for assessing left ventricular (LV) dysfunction.55 Among 
patients without coronary aneurysms, systolic function rapidly 
improves following IVIG administration.58 Diastolic function, spe-
cifically relaxation, is impaired in acute Kawasaki disease; patients 
with coronary aneurysms may continue to have long-term dia-
stolic  dysfunction, even when systolic function is preserved.70

Although echocardiography has high sensitivity and specificity  
for detection of dilation in the proximal coronary  arteries, it is 
less useful for detection of coronary stenoses and  aneurysms in 
the distal coronary vasculature. The quality of coronary  imaging 
by  echocardiography also diminishes as children grow larger, lim-
iting its utility in long-term follow-up of the patient with Kawasaki 
disease. Therefore, imaging of the coronary arteries by  ultrafast 
 computed tomographic angiography (CTA) and magnetic 
 resonance angiography (MRA) are used to obtain high-resolu-
tion images.71–75 Because the long-term effects of  ionizing radi-
ation are of special concern in children, CTA is used  sparingly. 
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Although the quality of coronary artery images may be supe-
rior with CTA, MRA does not require ionizing radiation and, in 
the child who is too young to exercise on a treadmill or  bicycle, 
can be used with  dobutamine or adenosine stress to delineate 
reversible ischemia.

Stress testing for inducible ischemia is an important compo-
nent of periodic testing for patients with Kawasaki disease, but lit-
erature is limited to case series.76–79 As in so many other domains 
of care of the child with this disease, choice of stress test type is 
based upon literature related to adults with atherosclerotic coro-
nary  disease. As already noted, additional considerations include 
risks of repeated exposure to ionizing radiation and inability of the 
 youngest  children to exercise on a treadmill or bicycle, in whom 
pharmacological stress is required. To avoid false-positive test 
results, stress testing should only be performed in children with a 
history of coronary artery aneurysms.

Coronary angiography has been used extensively for diagnos-
tic assessment of coronary abnormalities. With rapid technical 
improvement in noninvasive imaging modalities and concerns 
about the use of ionizing radiation in children, invasive stud-
ies are generally reserved for children with aneurysms in whom 
 noninvasive testing is insufficient to guide treatment or in whom 
revascularization is needed. Aneurysms are described as local-
ized or extensive, the former being further subclassified as fusi-
form or saccular (Fig. 45-1). Extensive aneurysms, those that involve 
more than one segment, are ectatic (dilated uniformly; Fig. 45-2) 
or  segmented (multiple dilated segments joined by normal or 
 stenotic segments). Aneurysms may also involve other medium- to 
large-sized extraparenchymal arteries, particularly the subclavian, 
axillary, femoral, iliac, renal, and mesenteric arteries. Occasionally, 
aneurysms of the aorta may occur.

Clinical Course
Persistent Coronary Aneurysms
After expansion in diameter over the first 4 to 6 weeks after illness 
onset, coronary aneurysms in Kawasaki disease tend to regress 
over time. In a study of 594 patients, regression occurred over a 13.6-
year period in 54% of those with aneurysms, with 90% regressing 
within 2 years from the onset of illness.80 Substantial regression in 
aneurysm diameter after 2 years is unlikely. The potential for aneu-

rysm regression to normal internal lumen diameter is determined 
by the initial size of the aneurysm, with smaller abnormalities more 
likely to improve.81 Giant aneurysms (i.e., diameter ≥8 mm) are least 
likely to regress.82 In regressed aneurysms, intravascular ultrasound 
examination reveals myointimal thickening,83,84 worst in patients 
whose coronary diameters were initially the largest.83 Furthermore, 
coronary and peripheral vascular reactivity may be impaired in 
patients with either persistent or regressed aneurysms.84

Among patients with persistent coronary aneurysms, prevalence 
of arterial stenosis increases linearly with time, owing to myointimal 
proliferation at the entrance or exit of the aneurysm. Giant aneu-
rysms (diameter >8 mm) are at highest risk; stenoses commonly 
occur at the distal end of these lesions (Fig. 45-3) and, together with 

FIGURE 45-1 Isolated giant aneurysm of left anterior descending 
(LAD) coronary artery in a 7-year-old boy who received multiple 
doses of intravenous gamma globulin (IVIG) and plasmapheresis for 
persistent fever.

FIGURE 45-2 Ectatic giant aneurysm of right coronary artery 
(maximum diameter 11 mm) from same patient as in Figure 45-1.

FIGURE 45-3 Calcified thrombotic right coronary artery giant 
aneurysm in a 10-year-old boy diagnosed with Kawasaki disease at 
1 year of age. Lesion is stenotic proximally (arrow), with recanalized distal 
vessels.
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sluggish blood flow in the grossly dilated arterial segment, predis-
pose to thrombosis and infarction. Relative to smaller aneurysms, 
giant aneurysms are more frequently associated with late sudden 
death from infarction. In a recent review, coronary artery steno-
ses had developed at 15-year follow-up in half of aneurysms with 
maximum diameter of at least 6 mm.85 In the largest reported series 
of patients with giant aneurysms (median observation 19 years), 
 survival rates at 10, 20, and 30 years after disease onset were  
95%, 88%, and 88%, and cumulative rates of coronary intervention 
at 5, 15, and 25 years were 28%, 43%, and 59%, respectively.82

In addition to stenoses, coronary arteries that have been affected 
by aneurysm formation may become increasingly tortuous and 
calcified, and they are prone to thrombotic occlusion. Rupture of 
an aneurysm is a rare event that occurs in the first months after 
illness onset in children whose aneurysms are expanding rapidly.

Myocardial infarction due to Kawasaki disease, although infre-
quent, is a feared complication. In the largest series of cases from 
Japan, many patients were asymptomatic before their event.86 Most 
(73%) had infarction in the initial year following onset of illness, 
and approximately 50% of infarctions occurred within the first 
3 months after illness onset. Symptoms were more common in 
those older than 4 years (83%) compared with younger children 
(17%) and included crying, chest pain, shock, abdominal pain, 
vomiting, dyspnea, and arrhythmia. Often, infarction occurred dur-
ing rest or sleep rather than during exercise or play. First MI was 
associated with a mortality rate of 22%, most often the result of 
obstruction of the left main coronary artery or of both the right 
and left anterior descending (LAD) coronary arteries. Survivors 
tended to have involvement of a single artery other than the left 
main. Mortality rose to 62.5% after a second infarct and to nearly 
100% in those with a third infarct. At later follow-up, a sizable pro-
portion (41%) reported no symptoms. Not surprisingly, ejection 
fraction is a significant predictor of long-term survival after MI, with 
poor 30-year survival when ejection fraction is 45% or less.87

Regressed Coronary Aneurysms
Regression of aneurysms occurs as a result of myointimal prolifera-
tion, identified at postmortem examination with use of translumi-
nal ultrasound.88 Histological examination of regressed aneurysms 
shows pathological findings similar to those seen in atherosclero-
sis,89 raising concern that individuals with Kawasaki disease might 
be predisposed to early onset of coronary disease. In a study of 
patients with Kawasaki disease receiving isosorbide dinitrate at 
catheterization, those segments with regressed aneurysms, as well 
as regions with persistent aneurysms, had diminished  reactivity 
relative to coronary arteries that had never been dilated or to 
 coronary arteries of control patients.84 Furthermore, the decreased 
reactivity in abnormal areas progressed as duration from illness 
increased.

No Detectable Lesions
In the absence of a history of coronary aneurysms, Kawasaki 
 disease has not been associated with an increase in standard-
ized mortality ratio in adulthood. Concerns that have been raised 
about the health of the coronary vasculature thus are based 
solely on studies searching for preclinical disease. Autopsy  studies 
of incidental deaths are limited. In one series, five children who 
died of incidental causes following Kawasaki disease underwent 
 postmortem examination.56 Microscopic examination of the cor-
onary arteries revealed intimal thickening and fibrosis indistin-
guishable from that of atherosclerosis, but correlation with clinical 
status was not possible. On positron emission tomography (PET), 
Kawasaki patients who never had aneurysms, compared to con-
trols, had lower  myocardial reserve and higher total coronary resis-
tance without regional perfusion abnormalities, suggesting an 
 abnormal coronary  microcirculation.90 Testing coronary endothe-
lial  function by infusing acetylcholine in the epicardial  coronary 
arteries of Kawasaki patients and comparison patients has 

yielded  conflicting results,91,92 as have studies on peripheral arte-
rial  stiffness and brachial reactivity.93–96 Finally, some investigators  
have speculated that long-term sequelae may result from acute 
myocarditis that occurs during the acute illness.57 Theoretical con-
cerns about coronary and myocardial sequelae in Kawasaki dis-
ease patients without detectable coronary dilation in any phase of 
illness should be tempered by the adverse consequences of creat-
ing “cardiac non-disease.”97

Treatment
Therapy in the acute phase of the illness is aimed at reducing 
the systemic inflammatory response, minimizing the occurrence 
of coronary artery aneurysms, and preventing acute coronary 
thrombosis among those in whom such aneurysms develop. Late 
management focuses on prevention of myocardial ischemia 
and infarction among patients with persistent aneurysms, and 
 reduction in risk factors for later atherosclerotic coronary artery 
disease (CAD) in all patients.

Antiinflammatory Therapy During  
Acute Kawasaki Disease
ASPIRIN

Aspirin has been a mainstay of therapy for Kawasaki disease, 
for both its antiinflammatory and antithrombotic effects. Most 
 clinicians use high-dose aspirin, 80 to 100 mg/kg/day divided 
into four daily doses until defervescence, and then reduce the 
 dosage to 3 to 5 mg/kg/day, administered once daily until the 
end of the  subacute phase (6-8 weeks; Box 45-3) to reduce the 
likelihood for Reye's syndrome or gastrointestinal bleeding. 
Meta-analysis has shown that low-dose or high-dose aspirin 
regimens in conjunction with IVIG have a similar incidence of 
 coronary abnormalities at 30 and 60 days from onset of illness.98 
In patients with aneurysms,  low-dose aspirin therapy is contin-
ued, sometimes in combination with  anticoagulants or other 
 antiplatelet agents.

INTRAVENOUS GAMMA GLOBULIN

Intravenous Ig was first administered to children with Kawasaki 
disease in 198499 and shown to have beneficial effects in reduc-
ing the likelihood of coronary aneurysms and the inflammatory 
response in the acute phase. Many subsequent studies have con-
firmed the efficacy of high-dose IVIG; the lowest incidence of cor-
onary artery lesions occurs in those patients treated with IVIG 
2 g/kg, administered as a single dose over 8 to 12 hours98,100 (see 
Box 45-3). The mechanism of action of IVIG remains unknown. 
Children who are acutely ill with Kawasaki disease should be 
administered IVIG 2 g/kg as a single dose no later than the 10th 
day of illness and ideally within the first 7 days.101 Patients with 
fever beyond 10 days of  illness should also receive IVIG,102 as 
should those with aneurysm formation and evidence for persis-
tent inflammation. Approximately 15% of children have persis-
tent or recrudescent fever after IVIG treatment (so-called IVIG 
resistance).103 Although not tested in a randomized trial, retreat-
ment with IVIG 2 g/kg is  generally  administered if recurrent or 

Intravenous gamma globulin (IVIG) 2 g/kg single infusion over 8 to 
12 hours

and:
Aspirin 80 to 100 mg/kg divided equally 4 times daily until afebrile at least 

48 hours
followed by:
Aspirin 3 to 5 mg/kg as a single daily dose until patient is afebrile for 

48 hours, discontinued if echo is normal at 6 to 8 weeks

Box 45-3  Accepted Therapy for Acute Kawasaki 
Disease
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 recrudescent fever is  present more than 36 hours after comple-
tion of an initial course of IVIG.2 If a second dose of IVIG is ineffec-
tive in diminishing fever, particularly in the presence of worsening 
coronary dilation, alternative antiinflammatory therapies are often 
administered (see later) discussion.

CORTICOSTEROIDS

Corticosteroids are widely used in the treatment of other vasculi-
tides, but data on the efficacy of primary and secondary (rescue) 
steroid therapy in Kawasaki disease are mixed. Although uncon-
trolled studies and one open multicenter trial previously suggested 
benefit for primary steroid therapy,104–109 a randomized multicenter 
placebo-blind study showed that primary therapy with pulsed-dose 
intravenous (IV) methylprednisolone did not improve coronary 
outcomes when added to conventional treatment with IVIG and 
aspirin.103 However, efficacy of other corticosteroid dosage regi-
mens for primary treatment are currently being studied.

Corticosteroids are often used as rescue therapy in the patient 
with IVIG-resistant Kawasaki disease, with most reports comprising 
case series.110–112 Similar to findings in primary steroid treatment, 
rescue treatment with pulsed steroids was reported to shorten fever 
duration and length of hospital stay, but did not improve coronary 
outcomes in a randomized trial of pulsed steroid therapy.112 Based 
on the differing dosage regimens that have been used in study-
ing the effect of steroids on coronary outcomes, and the limited 
power for randomized trials of rescue therapy, data are insufficient 
to conclude whether steroids have a place in the armamentarium 
of IVIG-resistant Kawasaki disease. Most experts consider use of 
steroids, either as a pulsed dose or chronic oral regimen in chil-
dren who have persistent or recrudescent fever despite at least two 
courses of IVIG 2 g/kg.

Additional Therapies
Limited data are available concerning efficacy of other therapies 
that can be used in the IVIG-resistant patient. Plasmapheresis has 
been reported to lower the incidence of coronary disease,113 but 
it is technically complex, requiring placement of large-bore cath-
eters and the commitment of the local blood bank to assist in the 
exchange. Abciximab, a platelet glycoprotein (GP) IIb/IIIa recep-
tor inhibitor that prevents platelet aggregation, has been used as 
an antithrombotic agent in acute Kawasaki disease. A retrospective 
study reported that patients treated with abciximab, compared to 
those who were not, had smaller aneurysm size and a greater per-
centage decrease in aneurysm diameter.114 Infliximab, a chimeric 
monoclonal antibody to tumor necrosis factor (TNF)-α, has been 
used as rescue therapy in IVIG-resistant patients.115,116 A two-center  
retrospective study suggested that infliximab as rescue therapy 
shortens fever duration but does not reduce prevalence or size 
of aneurysms.117 Finally, in the most refractory cases of Kawasaki 
disease where coronary aneurysms are progressively enlarging 
despite all other medical therapies, treatment with cytotoxic agents 
has been reported.111,118

ANTITHROMBOTIC THERAPY

The combination of active vasculitis with endothelial damage, 
thrombocytosis, and hypercoagulable state create the clinical set-
ting for thrombosis of coronary arteries. Peak occurrence for such 
events is 15 to 45 days from onset of illness. The current recommen-
dation for therapy is aspirin 3 to 5 mg/kg/day for 6 to 8 weeks. If 
the echocardiogram is normal at that time, aspirin is discontinued, 
but in the presence of dilation or aneurysms, aspirin is continued 
until regression to normal vessel lumen size. For patients with mod-
erate to large aneurysms, some clinicians use combination anti-
platelet therapy consisting of aspirin together with an inhibitor of 
adenosine diphosphate (ADP)-induced platelet aggregation (e.g., 
thienopyridine).2

Finally, patients with giant aneurysms, defined as those with an 
internal lumen diameter of 8 mm or greater or a z score of 10 or 

more,119 have the greatest risk for coronary thrombosis and are 
conventionally treated with a combination of anticoagulation and 
aspirin. One series has shown that patients with giant aneurysms 
have a lower risk of MI if treated with aspirin and warfarin than 
with aspirin alone.120 Low-molecular-weight heparin (LMWH) may 
be used in those for whom warfarin management is difficult. Newer 
oral direct thrombin inhibitors and factor Xa inhibitors have not 
yet been approved for use in the pediatric population but hold 
promise for future treatment of Kawasaki disease patients requir-
ing anticoagulation. Women of childbearing age who have giant 
coronary aneurysms and are contemplating pregnancy should be 
counseled about the effects of warfarin and, once pregnant, should 
be treated in accordance with a protocol similar to that used for 
the pregnant woman with a mechanical prosthetic valve.121

THROMBOLYTIC THERAPY

On the basis of experience in adult patients with acute coronary 
thrombosis, thrombolytic therapy has been used in those with 
acute ischemic events or evolving MI following Kawasaki dis-
ease. No prospective randomized study has been undertaken to 
assess the preferred thrombolytic medication in Kawasaki  disease 
because adequate power is precluded by the limited number of 
affected patients. Therapy should be instituted as soon as possible. 
After reperfusion of the affected vessel, anticoagulation is started 
with the combination of IV heparin and aspirin. This  regimen is 
converted to warfarin or LMWH in place of IV (unfractionated) 
heparin (UFH) for chronic therapy.

Coronary Revascularization
The criteria for coronary revascularization in Kawasaki dis-
ease are based upon consensus of experts, experience in adult 
patients with atherosclerotic CAD, and small retrospective reviews 
of experience in Kawasaki disease.122–125

Coronary Artery Bypass Surgery
The decision to undertake coronary artery bypass graft (CABG) 
surgery is generally based on a combination of factors, including 
evidence of reversible ischemia on stress-imaging tests, viable myo-
cardium in the region of distribution of the affected vessel, and 
absence of evidence for severe disease distal to the site of the 
planned graft.126 Initial reports of bypass grafting in Kawasaki dis-
ease involved use of saphenous veins, but early failures, particularly 
among younger children, led to introduction of internal mammary 
artery grafts. In the current era, systemic arterial grafts (e.g., internal 
mammary, radial) are preferred because they increase in length 
and diameter with somatic growth.122–124 Even young children have 
undergone successful surgical revascularization, but freedom from 
reintervention is longer when bypass is performed at an older age. 
Kitamura et al. recently reported his single-center experience; at 
25 years, freedom from reintervention was only 60%, but patient sur-
vival was 95%.124

Percutaneous Coronary Intervention
Experience with percutaneous coronary intervention (PCI) in 
children affected by Kawasaki disease is even more limited than 
CABG, but techniques for interventional catheterization proce-
dures used in these patients are similar to those in adults. Based 
on recommendations of the Research Committee of the Japanese 
Ministry of Health, Labor, and Welfare, patients with the follow-
ing criteria should be considered for PCI: ischemic symptoms, 
 presence of reversible ischemia on stress testing, or at least 75% 
stenosis of the LAD coronary artery.127 These  recommendations 
suggest that CABG is superior to PCI in the setting of severe 
LV  dysfunction or presence of multiple ostial or long-segment 
coronary artery stenoses. Although early success rates for per-
cutaneous transluminal coronary  angiography, rotational abla-
tion, and stent placement are all high, restenosis is common.128 
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Furthermore, neoaneurysm formation is a risk of percutaneous 
dilation related to use of high inflation pressures necessary to 
dilate the heavily calcified arteries found in Kawasaki disease 
patients.128 For this reason, rotational ablation and stent place-
ment are generally preferred to percutaneous transluminal coro-
nary angioplasty, after a few years have passed since disease onset. 
Because pediatric cardiologists have limited experience with 
interventional coronary artery techniques, percutaneous inter-
vention should be  performed by adult invasive cardiologists, with 
support from pediatric teams when children are small.

Randomized clinical trials of CABG versus PCI have not been 
conducted; sample size and power would be limited by the infre-
quency with which revascularization is required, even in Japanese 
children. Using survey data comparing outcomes in patients whose 
first intervention was either PCI or CABG, rates of mortality and 
MI were similar. However, repeat revascularization therapies were 
administered more often to children whose first intervention was 
percutaneous.129

Cardiac transplantation is reserved for patients with end-stage 
ischemic cardiomyopathy who can no longer be helped by 
 coronary revascularization.

Preventive Cardiology
Patients who have regressed or persistent aneurysms are likely to 
be at increased risk for premature atherosclerotic cardiovascu-
lar disease. Histopathological findings have noted atherosclero-
sis on autopsies performed in children who die years after illness 
onset.130 Those with a history of aneurysms have increased myo-
intimal thickness in the coronary arteries on intravascular ultra-
sound,83 and evidence of premature atherosclerosis is seen on 
carotid artery ultrasound 6 to 20 years after illness onset.131 Late 
after Kawasaki disease, peripheral arteries with coronary aneu-
rysms have been noted to be stiffer with diminished vascular reac-
tivity, compared to normal controls.84 High-sensitivity CRP levels are 
greater in Kawasaki disease patients with a history of  aneurysms 
than among those who never developed aneurysms or in normal 
children.132,133 Data about future risk in children who never had cor-
onary aneurysms continue to be controversial.

All patients with a history of Kawasaki disease should be coun-
seled about risk factors for atherosclerotic cardiovascular disease, 
including the importance of a heart-healthy diet, exercise, avoid-
ance of smoking, and for parents, the importance of maintaining 
a smoke-free home. In the AHA recommendations, the threshold 
for pharmacological treatment of hypertension and hyperlipid-
emia is lower for children with current and regressed coronary 
aneurysms.134 Exercise recommendations for participation in 
competitive sports depend upon severity of coronary disease, 
but all patients with a history of Kawasaki disease should avoid a 
 sedentary life style.135

Summary
Kawasaki disease is an acute vasculitis of uncertain etiology in 
children. Coronary artery aneurysms occur in 2% to 4% of indi-
viduals treated in the acute phase of the disease if they are treated 
within 10 days, and ideally 7 days, of illness onset with IVIG 2 g/kg 
and aspirin. Many coronary aneurysms regress to normal lumen 
diameter by myointimal proliferation, but larger aneurysms may 
persist and can be associated with progressive stenoses leading to 
ischemia and MI. Patients with coronary aneurysms are followed 
with regular stress testing to guide the need for invasive testing 
and catheter or surgical interventions. The question of whether 
individuals with Kawasaki disease without detected coronary 
aneurysms have increased relative risk for atherosclerotic cardio-
vascular  disease will not be answered until the earliest Japanese 
cohorts reach middle age. Until then, patients with a history of 
Kawasaki disease should be followed at regular intervals appropri-
ate to the severity of their heart disease. With such surveillance, the 

long-term natural history of Kawasaki disease, including its effects 
on vascular health and myocardial function, will continue to be 
delineated.
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ACUTE LIMB ISCHEMIA

C H A P T E R  46  Acute Arterial Occlusion
Piotr S. Sobieszczyk

Nontraumatic acute occlusion of arterial supply to a limb or organ 
presents with a constellation of symptoms specific to the tissue 
suddenly deprived of arterial perfusion. Irrespective of the arterial 
segment involved, this syndrome represents a vascular emergency. 
Irreversible organ injury may occur within seconds in the case of 
acute embolic occlusion of a middle cerebral artery (MCA) or take 
hours when arterial supply of a lower limb is involved. In every-
day clinical practice, acute arterial occlusion is synonymous with 
acute limb ischemia. Rapid recognition and treatment are required 
to  prevent limb loss and life-threatening morbidity. Acute limb 
 ischemia is thus defined as sudden limb-threatening decrease in 
arterial  perfusion of less than 14 days’ duration. It can occur as a 
result of embolic occlusion or in situ arterial thrombosis. Over the 
last several decades, the etiology of acute limb ischemia has varied 
with changing prevalence of causative conditions. Management of 
the syndrome has evolved, but the diagnostic skills required to rec-
ognize this clinical entity remain unchanged.

Epidemiology of Acute Limb Ischemia
Acute limb ischemia is a rare vascular event, and its incidence 
eludes exact quantification. It has been influenced by the ever-
changing medical landscape. Increasing numbers of patients 
treated with antiplatelet and antithrombotic therapies, effective 
therapy for atrial fibrillation, and advances in treatment of valvular 
and ischemic heart disease have had an impact on the incidence 
of acute limb ischemia by decreasing the number of embolic 
events. This may be counterbalanced by increasing numbers of 
patients undergoing elective surgical and endovascular revas-
cularization therapies, which carry a low but measurable risk of 
graft or stent thrombosis. An estimate in the 1990s proposed that 
a vascular center serving a community of 500,000 may expect an 
annual incidence of 75 patients with acute limb ischemia of the  
lower extremity.1 Other studies report similar data, estimating  
the incidence of acute lower-limb ischemia between 13 and 17 
cases per 100,000 people per year, with mortality as high as 18% 
even in the modern era.2,3 Contemporary studies report amputa-
tion rates as high as 13% in patients presenting with acute limb 
ischemia of the lower extremity.4

Acute limb ischemia affects men and women equally. It is 
 infrequent in patients with established peripheral artery disease 
(PAD), except in those who underwent surgical or endovascular 
revascularization and developed acute thrombosis of the con-
duit, graft, or stent. Acute limb ischemia is typically a disease of the 
middle-aged and older population but can affect younger patients 
when unusual clinical events such as paradoxical embolism, intra-
cardiac masses and endocarditis, or hypercoagulable syndromes 
affect the arterial circulation.

Acute nontraumatic ischemia of the upper extremity is even 
more uncommon. It is less likely to result in limb loss, and thus its 
importance has been overshadowed by lower-extremity ischemic 
 syndromes. Few published series have been reported, and there 
are no randomized trials evaluating this clinical syndrome and its 

treatment. However, the consequences of functional impairment in 
the upper extremity can be equally devastating to the patient.5 On 
average, acute arm ischemia accounts for 16.6% of cases of acute 
ischemia of the extremities and, by extrapolation, occurs with an 
incidence of 1.2 to 3.5 cases per 100,000 per year.6 However, these 
estimates are based primarily on surgical series, which usually 
include only patients who underwent surgical treatment. Surveys 
of all patients presenting with acute arm ischemia estimate an 
incidence of 1.13 per 100,000 per year.7 In the absence of more 
meticulous population studies, the true incidence can only be esti-
mated. Patients with upper-extremity ischemia tend to be older than 
those with lower-extremity ischemia, with mean ages of 74 and 70 
respectively.8

Amputation-free survival is influenced by many modifiable 
and nonmodifiable factors.9 Among the former, delay in diagno-
sis stands out as a major factor. Non-Caucasian race, older age, 
malignancy, congestive heart failure (CHF ), and low body weight 
decrease, whereas systemic atherosclerosis increases the like-
lihood of amputation-free survival.9,10 Among patients older than 
75 years of age, overall 30-day mortality rates approach 42%.11 
Survival and functional recovery among patients with acute limb 
ischemia are directly related to underlying comorbidities and 
delay in diagnosis and treatment.

Etiology of Acute Limb Ischemia
Acute Upper-Extremity Ischemia
The most common sites of arterial occlusion in the upper extremity  
are the brachial and axillary arteries, representing 85% of cases 
of embolic occlusion.6 The subclavian artery is thought to be the 
most frequent site of occlusion in uncommon cases of in situ 
thrombosis (Fig. 46-1).

IATROGENIC CAUSES

In the past, acute ischemia of the arm was primarily caused by cardiac 
catheterization performed via brachial artery access (Fig. 46-2). In a 
series from the 1980s reporting on 37 cases of acute arm ischemia 
treated surgically over a period of 5 years, 56% of cases were caused 
by this iatrogenic complication, 24% were related to embolic events, 
and the remainder were due to stab wounds.12 Since brachial artery 
catheterization fell out of favor, causes of upper-extremity ischemia 
have changed. In a later series of 65 patients with acute arm ischemia 
treated surgically over a span of 8 years, a cardioembolic source 
was identified in 41% of patients, 17% of events were attributed to 
an arterial source of embolism, and 28% of cases were related to iat-
rogenic occlusion, mainly a result of cardiac catheterization.13 The 
resurgence of interest in radial artery access for coronary proce-
dures is unlikely to result in a rise in frequency of upper-extremity 
ischemia. Occlusion of the radial artery, seen in up to 5% of proce-
dures, is unlikely to compromise perfusion of the hand in a patient 
with proper preprocedural assessment of a patent palmar arch.
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EMBOLISM

Embolic occlusion is the most frequent cause of acute arm isch-
emia, accounting for 74% to 100% of cases in several reported 
series.6,7,13–15 Of these, 72% are thought to be cardioembolic in ori-
gin, 12% originate from the proximal vessel, and the  remainder are 
of unknown origin.6 Atrial fibrillation and left ventricular (LV ) 
 thrombus in patients with ventricular dysfunction are the most 
frequent causes of cardiac emboli. Common causes of emboli-
zation include atrial myxoma16,17 and paradoxical embolism.18 
Proximal arteries of the arm can be a source of arterial embolism. 
Artery-to-artery embolization may cause occlusion of a large- or 
medium-caliber artery but more commonly presents with digital 
embolization. Atherosclerotic stenosis of the subclavian artery 
is a rare cause of embolism but can result in acute hand or arm 
ischemia.19–21 The rare primary subclavian artery aneurysm or one 
caused by external compression in a thoracic outlet syndrome 
(TOS) can result in thromboembolic occlusion of upper-extremity 
arteries.20,22–24 Aortic arch atheroma has also been implicated as 
the source of acute arm ischemia.15,25 Other rare arterial sources 
of embolic events are malignant emboli or paradoxical embolism 
through intracardiac shunting26,27 (Fig. 46-3).

THROMBOSIS

Atherosclerotic disease is much less frequent in the upper 
extremity than the lower limb. Consequently, in situ  thrombosis is  
uncommon and has been estimated to account for 5% of  ischemic 
cases in population studies and 5% to 35% of cases in surgical 
series.7,14,15,28 Many of the proximal arterial lesions responsible 
for distal embolization can cause in situ thrombosis. Arteritis, 
radiation injury, and hypercoagulable syndromes have been 
reported as rare causes of in situ arterial thrombosis of the upper 
extremity.20,22,29,30

Acute Lower-Extremity Ischemia
The distinction between embolism and in situ thrombosis should 
not detract from the need to establish a rapid diagnosis and institute 
immediate therapy. Nevertheless, embolic etiology is more commonly 
associated with rapid onset of symptoms, history of cardiac disease, 
and absence of prior history of PAD. The contralateral limb is likely to 
have a normal exam, without stigmata of systemic atherosclerosis. 
Some of the causes of acute limb ischemia are listed in Box 46-1.

IN SITU THROMBOSIS

In situ thrombosis rather than embolism was responsible for 85% 
of the acute limb ischemia cases enrolled in the Thrombolysis or 
Peripheral Arterial Surgery (TOPAS) trial. Rates of embolic cases 

A B C

FIGURE 46-1 In situ thrombosis of subclavian artery in a patient presenting with an inferior ST-segment elevation myocardial infarction (MI) and 
symptoms of acute left arm and hand ischemia. A, Occlusion of subclavian artery, with angiographic changes suggestive of in situ thrombosis. B, After balloon 
angioplasty and stenting of subclavian artery, thrombotic component of lesion is seen trapped in filter embolic protection device positioned in axillary artery. C, 
Patent vessel after filter retrieval.

A B

FIGURE 46-2 Acute hand ischemia 
after coronary angiography via left 
brachial artery access. A, Occlusion 
of left brachial artery. B, Radial artery 
reconstitutes via collaterals.

FIGURE 46-3 Embolic occlusion of right radial artery and ischemia of 
index and middle fingers in patient with patent foramen ovale.
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have been decreasing over the last few decades. In a Greek study 
evaluating the causes of acute limb ischemia at a referral center 
between 2000 and 2004, 40% of cases were caused by embolic 
events, in situ thrombosis was responsible for 50% of cases, and the 
remaining 10% were due to trauma, iatrogenic injury, vasculitis, or 
dissection.31 As many as 78% of embolic events were due to a car-
diac source; the source of 9% of embolic events could not be deter-
mined. Among cases of in situ thrombosis, 30% involved native 
arteries, and 70% involved thrombosis of vessels after an interven-
tion (65% represented graft thrombosis and 5% iliac or infraingui-
nal stent thrombosis). Surgical graft thrombosis represented 30% of 
all cases of acute limb ischemia. Patients with surgical grafts can 
develop graft thrombosis and symptoms of acute limb ischemia 

due to graft degeneration or mechanical problems such as anas-
tomotic stenosis or retained valves. Graft compression or kink can 
also cause its thrombosis. With the advent of stent grafting for aor-
toiliac aneurysmal disease, acute stentgraft thrombosis has been 
added as a cause of acute limb ischemia (Fig. 46-4).

In situ thrombosis of a popliteal artery aneurysm usually pres-
ents with acute limb ischemia. A review of nearly 900 patients 
presenting with acute limb ischemia secondary to a thrombosed 
popliteal aneurysm reported amputation rates of 14%. In this study, 
catheter-directed thrombolysis prior to surgery did not lower the 
likelihood of amputation, but it significantly improved the long-
term patency of the graft, presumably by maximizing patency of 
the tibial vessel.32 The decision to perform catheter-directed throm-
bolysis must depend on the clinical situation and urgency of revas-
cularization. In a Swedish vascular registry, amputation rates for 
acute thrombosis of the popliteal aneurysm were 17% in patients 
presenting with acute ischemia and only 1.8% for asymptomatic 
electively repaired aneurysms.33

EMBOLISM

Acute limb ischemia is often caused by an embolic event, com-
monly from a cardiac source. The embolus most frequently lodges 
in the aortoiliac bifurcation, femoral bifurcation, or popliteal tri-
furcation. Over the last several decades, the etiology of cardioem-
bolic events has evolved. Embolic events caused by rheumatic 
mitral stenosis with left atrial enlargement have become a rare 
occurrence because the prevalence of rheumatic valve disease 
has decreased substantially. Age-related atrial fibrillation and LV 
dysfunction with apical thrombus formation are the most com-
mon causes of cardioembolic events (Fig. 46-5). Less common 
causes include endocarditis, intracardiac myxoma, or paradoxi-
cal embolism due to a patent foramen ovale allowing transit of 
venous thrombus into the arterial circulation. Acute embolic 
occlusion related to aortic aneurysmal disease and intramural 
thrombus is rare.

IATROGENIC CAUSES

Iatrogenic acute limb ischemia can be caused by arterial access 
in the common femoral artery (CFA) and injury of the vessel at 
the access site, be it by deployment of a vascular closure device or  
direct injury to the common femoral or iliac artery. Similarly, 
 catheter-associated thrombosis and embolism of the popliteal 
artery can occur.

OTHER CAUSES

Intense vasospasm, such as can be caused by ergotism34,35 or 
cocaine ingestion,36 have been reported to cause acute limb isch-
emia. Aortic dissection can result in occlusion of the distal aorta 
and iliac vessels when the true lumen is compressed by a pres-
surized false lumen. Iliofemoral deep vein thrombosis (DVT) with 
massive swelling of the thigh can compromise arterial inflow to the 
leg. The syndrome of phlegmasia cerulea dolens requires urgent 
catheter direct thrombolysis of the venous thrombus to restore 
venous outflow and thus arterial inflow to the limb.

Pathophysiology of Acute Limb Ischemia
Most emboli lodge in points of arterial branching: aortic, iliac, fem-
oral, or popliteal bifurcations in the leg, and brachial bifurcation 
in the arm. In situ thrombosis most commonly affects the femoral  
or popliteal artery, particularly in the setting of an existing arte-
rial bypass, ruptured atherosclerotic plaque, or low-output state. 
Sudden  cessation of arterial flow to the extremity triggers a series 
of complex pathophysiological processes. Malperfused tissues shift 
from aerobic to anaerobic metabolism. The shift in  lactate-to-pyruvate 
ratio further increases lactate production, increases the concentra-
tion of hydrogen ions, and induces acidosis. Progressive ischemia 

Embolism
Cardiac Source of Embolism
Atrial fibrillation
left ventricular (lV) thrombus
Cardiac myxoma
Valvular heart disease:

infectious endocarditis
Prosthetic valve thrombosis
Rheumatic valve disease

Paradoxical embolism via patent foramen ovale

Artery-to-Artery Source
Arterial aneurysm
Atherosclerotic plaque

Iatrogenic
Catheter-associated embolism
Vascular closure device malfunction

Other
Tumor embolism
Amniotic fluid
Fat embolism
Air

In Situ Thrombosis
Atherosclerotic Peripheral Artery Disease
Iatrogenic
Catheter-associated in situ thrombosis

Stent and Graft Thrombosis
Restenosis
intimal hyperplasia
stent or stent graft underexpansion
Mechanical

Arterial Aneurysm
Popliteal aneurysm thrombosis

Hypercoagulable States
Antiphospholipid antibody syndrome
Advanced malignancy
Hyperviscosity syndromes

Low-Flow States
Cardiogenic shock and preexisting peripheral artery disease (PAD)
Vasopressor-induced vasospasm

Arterial Dissection
Access-site artery dissection
Aortic dissection

Other Causes
Trauma
Vasospasm
Ergotism
Cocaine use
Phlegmasia cerulea dolens

Box 46-1 Causes of Acute Limb Ischemia



560

CH 
46

results in cell dysfunction and eventual cell death. Muscle hypoxia 
depletes intracellular adenosine triphosphate (ATP) stores, and  
the consequent dysfunction of the sodium/potassium-ATPase  
and calcium/sodium pumps causes leakage of intracellular cal-
cium into myocytes.37 Intracellular free calcium levels rise and 
interact with actin, myosin, and proteases, leading to necrosis of 
muscle fibers. As the cellular membranes and microvascular integ-
rity fail, intracellular potassium, phosphate, creatinine (Cr) kinase, 
and myoglobin leak into the systemic circulation. Reperfusion fur-
ther amplifies these cellular changes.

Nerve and muscle tissue are quite susceptible to ischemic injury,  
so presence or absence of neuromotor deficit is of paramount 
importance in assessing the severity of acute limb ischemia. 

Irreversible muscle damage begins after 3 hours of ischemia and 
is nearly complete after 6 hours.38 In addition to myocyte injury, 
progressive microvascular damage follows skeletal muscle injury. 
The more severe the cellular damage, the greater the microvascu-
lar changes. In the setting of muscle necrosis, microvascular flow 
stops within a few hours. Traditionally, a window of 6 hours has 
been assumed before  irreversible functional injury occurs. This 
time window may be  longer in a “preconditioned” limb with col-
lateral pathways.

Ischemic insult sets the stage for reperfusion injury, a process 
triggered by restoration of perfusion and mediated by a complex 
cascade of cytokines, reactive oxygen species (ROS), and neutro-
phils. Reactive oxygen species (e.g., superoxide anion, hydrogen 

A B

FIGURE 46-4 A, Acute limb ischemia 
due to collapse of right iliac endograft limb. 
B, Treated with ultrasound-accelerated 
thrombolysis.

A B C D E F

FIGURE 46-5 Bilateral acute limb ischemia in patient with atrial fibrillation and interrupted anticoagulation. Left anterior tibial artery and tibioperoneal 
trunk are occluded (A), as is right popliteal artery (B). Mechanical thrombectomy and catheter suction embolectomy restored flow in left (C-D) and right calf (E-F).
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 peroxide, hydroxyl radicals, peroxynitrite) are produced by acti-
vated neutrophils and xanthine oxidase, an enzyme located on 
microvascular endothelial cells (ECs) of skeletal muscle and acti-
vated during ischemic conditions.39 Under normal conditions, xan-
thine dehydrogenase uses nicotinamide adenine dinucleotide 
to oxidize hypoxanthine to xanthine. Xanthine dehydrogenase is 
converted to xanthine oxidase after 2 hours of ischemia.40 During 
ischemia, ATP is degraded to hypoxanthine, but xanthine oxidase 
requires oxygen to convert hypoxanthine to xanthine. Thus, hypo-
xanthine accumulates during ischemia. When oxygen is rein-
troduced during reperfusion, xanthine dehydrogenase isoform 
becomes active again. Conversion of massive amounts of hypoxan-
thine generates reactive oxygen species.41

The essential substrate for production of these radicals, molecular  
oxygen, is provided by reperfusion. Xanthine oxidase–derived oxi-
dants mediate the increased vascular permeability in postisch-
emic muscle. The importance of elemental oxygen and the role 
of oxygen radicals in reperfusion injury is underscored by  studies  
showing that reperfusion initially with deoxygenated  autologous 
blood prevents increase in permeability after ischemia. Changing 
the perfusate to oxygenated blood during reperfusion  mimicked the 
microvascular injury response seen after normoxic  reperfusion.42 
Similarly, gradual reintroduction of oxygen early in reperfusion 
decreases postischemic injury.42 Additional supplementation 
with free radical scavengers and reduced oxygen delivery further 
reduces injury of postischemic necrosis.43

Activated neutrophils are the principal agents responsible for 
local and systemic damage caused by reperfusion. Leukocytes play  
an equally important role in reperfusion injury. Activated  neutrophils 
accumulate in the reperfusing muscle and produce reactive  oxygen 
metabolites, release cytotoxic enzymes, and occlude microcircula-
tion pathways.44 Leukocyte depletion has been shown to reduce 
the ischemia-reperfusion injury. Reperfusion with oxygenated 
blood depleted of leukocytes by the use of filters completely pre-
vents development of vascular permeability in canine skeletal 
muscle.45,46 Interestingly, inducing neutropenia before ischemia in 
rats restores transmembrane potential and contractile function in 
postischemic rat muscle.47,48

Skeletal muscle ischemia and reperfusion triggers a number of 
additional inflammatory cascades that include complement activa-
tion, increased expression of adhesion molecules, cytokine release, 
eicosanoid synthesis, free radical formation, cytoskeletal alterations, 
adenine nucleotide depletion, alterations in calcium and phospho-
lipid metabolism, leukocyte activation, and endothelial dysfunc-
tion.40 Interleukin (IL)-1β and tumor necrosis factor (TNF)-α are 
detected soon after reperfusion and induce adhesion molecules on 
the surface of endothelial cells, increase capillary leak, and stimulate 
production of IL-6 and IL-8, which further increase endothelial per-
meability, destroy endothelial integrity, and activate leukocytes.49–53

The clinical impact of these cellular responses to reperfusion 
results in tissue swelling, a catastrophic event in the closed spaces 
of the forearm, thigh, calf, and buttock. Elevated compartment pres-
sures within fascial boundaries cause a compartment syndrome: 
elevated compartment pressures that reduce the perfusion gradi-
ent and capillary blood flow below the metabolic requirement, 
resulting in further ischemia and necrosis. Release of myoglobin 
can result in renal injury. Increased endothelial permeability can 
lead to acute lung injury, a process attenuated in animal models 
by chemically induced neutropenia, suggesting that activation and 
transmigration of neutrophils and loss of endothelial integrity are 
critical in acute lung injury in reperfusion injury.54 Thus, noncardio-
genic pulmonary edema can develop after reperfusion of lower 
limbs, a process that can be prevented by granulocyte depletion.54,55

The reperfusion syndrome consists of two components. The local 
response to reperfusion triggers tissue swelling, while the systemic 
response can result in multiorgan failure and death. It is the lat-
ter that mitigates intervention in advanced and irreversible limb 
ischemia. The degree of inflammatory response  following reperfu-
sion is variable. There is little inflammatory response when mus-
cle necrosis is uniform. The degree of ischemic  damage, however, 

will vary depending on proximity of the tissue to the  occlusion 
and  efficiency of the collateral supply. The magnitude of the 
 inflammatory response will be determined by the extent of the isch-
emic, but not completely necrotic, zone. Thus, reperfusion of large 
muscle groups with advanced ischemic injury and tissue necrosis 
will result in release of large amounts of toxic inflammatory media-
tors into the systemic circulation. This detrimental effect of reperfu-
sion favors amputation in patients with irreversible ischemic injury.

Diagnosis of Acute Limb Ischemia
The diagnosis of acute limb ischemia may be elusive, especially in 
patients who present with sensory and motor deficits that direct 
attention toward neurological evaluation. Clinical signs and symp-
toms of acute limb ischemia manifest as a spectrum of findings 
directly related to the severity of ischemia and duration of  arterial 
malperfusion. Diagnosis of acute limb ischemia is made on the basis 
of physical examination. Confirmatory imaging with computed 
tomographic angiography (CTA) or magnetic resonance angiog-
raphy (MRA) introduces a potentially costly delay in therapeutic 
intervention. Bedside duplex ultrasonography can be performed 
rapidly and can add information about the level of occlusion and 
the arterial access strategy for an  endovascular procedure. A care-
ful physical examination, including Doppler evaluation of arterial 
and venous signals, is usually sufficient for obtaining this informa-
tion. A good physical examination can determine the level of arte-
rial occlusion and obviate the need for additional imaging.

The classic symptoms and physical examination findings of an 
acutely ischemic limb are commonly known as the six Ps: pulse-
lessness, pallor, pain, poikilothermia, paralysis, and paresthesia. 
Pain is the most common symptom and progresses with ischemia. 
Pallor is an early finding in an ischemic extremity and is caused 
by complete emptying and vasospasm of the arteries (Fig. 46-6). 
Subsequent stagnation of microvascular circulation will cause 
mottling of the skin, which initially blanches with pressure. As isch-
emia continues, paresthesia develops, and numbness replaces 
pain, often falsely reassuring both patient and physician. In the 
final stages of ischemic injury, paralysis sets in, and skin mottling 
is fixed and nonblanching. Loss of motor function and marble-like 
appearance of the skin herald irreversible ischemic injury.

A careful physical examination can determine the level of occlu-
sion by detecting a temperature gradient along the limb and a 
 deficit in pulses either on palpation or by arterial Doppler exam. The 
cutaneous changes of pallor and temperature are detected one 
level below the occluded arterial segment. Physical examination 
must also include a search for potential sources of acute limb isch-
emia. Recognition of atrial fibrillation, a cardiac murmur of valvu-
lar disease, or symptoms of CHF may implicate a cardioembolic 
cause of the event. Systemic symptoms of fevers, night sweats, and 
chills may hint at endocarditis as the etiology of cardiac embolism. 
Stigmata of PAD in the contralateral limb or signs of prior surgical 
revascularization point to an in situ arterial thrombosis, whereas 
chest pain, hypertension, and asymmetry in arterial pulses of the 
upper extremity may require additional imaging to exclude an aor-
tic dissection.

More importantly, it is the physical examination that allows clas-
sification of the severity of ischemia, urgency of revascularization, 
and prognosis after revascularization56 (Table 46-1). These clini-
cal classes are also useful for determining the best intervention 
 strategies. In general, Rutherford class I represents a viable and  
nonthreatened limb, akin to patients with chronic and noncritical 
ischemia. Rutherford class II symptoms describe a directly threat-
ened limb. A class IIa limb is characterized by intact sensory and 
motor examination despite absent arterial Doppler signals in the 
foot. This limb is marginally threatened. Class IIb includes patients 
with an immediately threatened limb, characterized by sensory loss, 
mild motor function impairment, and absent Doppler arterial sig-
nals. This limb can be salvaged if treated immediately. Irreversible 
limb ischemia falls into Rutherford class III, with  permanent 
nerve damage, profound sensory loss and motor paralysis,  



562

CH 
46

and absent arterial and venous Doppler signals. Revascularization 
of such a limb is harmful; amputation is required.

The presence of preexisting arterial occlusive disease may “pre-
condition” the limb by fostering development of collaterals that 
lessen the severity of tissue malperfusion when acute occlusion 
occurs. Thus, patients with thrombosis in situ in an atherosclerotic 
vessel and those with graft failure may tolerate acute ischemia better  
than patients with no underlying arterial disease who develop 
acute limb ischemia due to a cardioembolic or an iatrogenic event. 
Several clinical characteristics may allow differentiation between 
an embolic event and in situ thrombosis. Patients with the former 
report a more abrupt onset of pain with clearer demarcation of 
ischemic temperature change and skin mottling. These patients 
usually present with symptoms and signs in Rutherford class IIb 
and III. Patients with in situ arterial thrombosis usually have signs 
of established PAD and report a more vague onset of symptoms. 
Physical examination findings are less striking, with a less distinct 
demarcation of ischemic changes and more cyanosis than pallor. 
These patients often fall into Rutherford class I and IIa categories.

Treatment of Acute Limb Ischemia
Prompt recognition of acute limb ischemia and rapid restoration 
of arterial perfusion are cornerstones of therapy. The  decision  
whether revascularization or primary amputation should be 
undertaken depends largely on the viability of the affected limb. In 
patients with a salvageable limb, selection of the type of revascular-
ization therapy is equally important. The two major factors affecting 
morbidity and mortality among patients with acute limb ischemia 
are the burden of medical comorbidities and the delay in recogni-
tion and treatment of the ischemic limb. Other factors  associated 

with lower amputation-free survival are increased age, race, diabe-
tes, and absence of prompt initiation of anticoagulation.57

Surgical intervention has been traditionally associated with 
high perioperative mortality rates. In a compilation of 3000 patients 
treated surgically for acute limb ischemia in 30 centers between 
1963 and 1978, 30-day mortality rates were as high as 25%.58 Despite 
rapid advances in surgical and anesthesia techniques, Jivegard 
reported a 20% mortality rate a decade later.10 Even in the 1990s, 
30-day mortality after surgical intervention among selected patients 
enrolled in the TOPAS, Surgery versus Thrombolysis for Ischemia 
of the Lower Extremity (STILE), and Rochester randomized trials 
ranged from 5% to 18%.9,59,60

The high burden of cardiopulmonary disease and high surgi-
cal mortality in the population affected by acute limb ischemia 
provided an impetus for development of less invasive endovascu-
lar strategies. Evidence from randomized trials suggests  equipoise 
between endovascular and surgical therapies in selected patients, 
particularly those with class I and IIa symptoms. The cause of 
limb ischemia, location of the occlusion, Rutherford class, as well 
as patient characteristics play a crucial role in selection of appro-
priate revascularization strategy. The Rochester, STILE, and TOPAS 
trials form a framework for selection of patients for endovascu-
lar therapies.9,59,60 These trials demonstrated that patients with 
underlying PAD or graft thrombosis and Rutherford class I and IIa 
thrombolytic-based endovascular therapies do indeed have better 
outcomes. Patients with cardioembolic events usually present with 
Rutherford class IIb symptoms and are best treated with prompt sur-
gical embolectomy.4

In modern practice, a rigid division between open surgical and 
endovascular treatment is artificial. Although many patients can be 
treated with an entirely endovascular approach, and  others require 

A B

FIGURE 46-6 Acute limb ischemia 
due to left common femoral artery 
(CFA) embolism. Marked pallor of 
left foot (A) resolves after surgical 
embolectomy (B). (Image courtesy  
Dr. Edwin Gravereaux.)

 
RUTHERFORD CLASS

 
PROGNOSIS

SENSORY 
EXAM

 
MOTOR EXAM

ARTERIAL 
DOPPLER SIGNAL

VENOUS DOPPLER 
SIGNAL

 
SKIN EXAM

Class I: viable, not 
threatened

Threatened Normal sensory 
exam

Normal Audible Audible Normal capillary return

Class IIa: marginally 
threatened

Salvageable with 
prompt therapy

Minimal  
sensory loss

Normal Often audible Audible Decreased capillary 
return

Class IIb: immediately 
threatened

Salvageable 
if treated 
immediately

Mild sensory 
loss and rest 
pain

Mildly to 
moderately 
abnormal

Usually inaudible Audible Pallor

Class III: irreversible Irreversible  
tissue and nerve 
damage

Profound  
sensory loss

Paralysis and 
rigor

Inaudible Inaudible No capillary return, skin 
marbling

TABLE 46-1 Rutherford Classification of Acute Limb Ischemia

Adapted from Rutherford RB, Baker JD, Ernst C, et al: Recommended standards for reports dealing with lower extremity ischemia: revised version. J Vasc Surg 26:517–538, 1997.56
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traditional surgical embolectomy, large numbers of patients are 
treated with hybrid approaches. Indeed, routine use of  perioperative 
angiography suggests a high rate of residual thrombus, necessitat-
ing additional combined surgical and endovascular intervention 
in up to 90% of complex cases.61

In addition to revascularization therapies, the sequelae of acute 
limb ischemia include ischemia-reperfusion injury, which may range 
from mild injury without functional or systemic  consequences to 
systemic inflammatory response and multiorgan failure. Treatment 
of these metabolic consequences of acute limb ischemia is essen-
tial to patients’ survival.

Initial Medical Management
Regardless of the revascularization strategy selected, the basic 
principles of initial therapy are the same: fluid resuscitation, anal-
gesia, and administration of antithrombin and antiplatelet therapy. 
After decades of clinical experience, heparin therapy has been 
shown to decrease ischemic injury, reduce thrombus propaga-
tion, and improve survival.4,62–64 Some studies dispute the benefit 
of perioperative anticoagulation, even in patients with a cardiac 
source of emboli, but the overwhelming amount of data support 
perioperative anticoagulation with heparin.65 Unfractionated hep-
arin (UFH) should be administered at high doses (100-150 units/
kg), with a goal of rapidly achieving a therapeutic level of anti-
coagulation and a rise in partial thromboplastin time (PTT) by 
a factor of 2 to 2.5 above baseline. Patients with heparin-induced 
 thrombocytopenia (HIT) should be treated with intravenous (IV) 
direct thrombin inhibitors (DTI) such as lepirudin or argatroban. 
Bivalirudin, another DTI commonly used in coronary and endo-
vascular interventions, has a relatively short half-life and is more 
familiar to most vascular specialists. The decision regarding long-
term anticoagulation must be made based on the etiology of the 
ischemic event, outcome of revascularization, and the balance 
between bleeding and thrombotic risk.

Correction of laboratory abnormalities and stabilization 
of the underlying acute medical condition are imperative to 
achieve best clinical outcomes. Certain laboratory character-
istics predict ultimate therapeutic success. Patients presenting 
with elevated Cr kinase and neutrophil count have a 50% risk 
of amputation as compared to a 5% risk among those with nor-
mal enzyme and neutrophil levels.66 This finding underscores 
the poor clinical outcomes in patients with advanced ischemic 
injury of skeletal muscle. In patients who present with irrevers-
ible tissue loss, alkalinization of urine may be required to pre-
vent renal injury from myoglobinuria. In some cases, the cause of 
acute limb ischemia is itself immediately life threatening, such 
as myocardial infarction (MI) complicated by LV thrombus and 
cardiogenic shock, or aortic dissection or infective  endocarditis 

with hemodynamic compromise due to valvular incompetence. 
In such cases, the principle of “life over limb” should guide best 
therapeutic strategy.

Endovascular Therapy of Acute Limb Ischemia
The basic principle behind endovascular therapy is to restore 
 arterial flow, either by thrombus lysis or unmasking and treating an 
underlying lesion, thus eliminating the need for surgery or  reducing 
the extent of surgical procedure.

Endovascular therapy for acute limb ischemia became possi-
ble when Tillet and Garner discovered the fibrinolytic  properties 
of hemolytic streptococcus in 1933.67 It was not long after 
the first use of IV streptokinase in healthy volunteers by Tillet  
et al. in 1955 that Cliffton reported on the therapeutic use of strep-
tokinase to dissolve pathological thrombi in arteries and veins in 
1957.68,69 Catheter-based delivery of intraarterial (IA) streptokinase 
was pioneered by Charles Dotter et al. in 1974.70 Berridge et al.  
subsequently confirmed that catheter delivery of fibrinolytic agents 
directly into the affected artery was superior to an IV administered 
thrombolytic, and improved limb salvage rates (80% vs. 45%) and 
lowered hemorrhagic complications.71

Modern thrombolytic agents work by enhancing the intrinsic fibri-
nolytic process through activation of plasminogen and its conver-
sion into plasmin, which degrades fibrin (Table 46-2). The conversion 
of plasminogen into plasmin requires hydrolysis of a lysine-arginine 
bond, a step catalyzed by tissue-type plasminogen activator (tPA), the 
model for today's recombinant plasminogen activators. Technical 
success of catheter-directed thrombolysis is defined as restoration of 
antegrade flow and complete or near-complete resolution of throm-
bus. Clinical success is defined as relief of acute ischemic symptoms 
or reduction of the level of the subsequent surgical intervention or 
amputation.72 Enzymatic dissolution of thrombus may be more com-
plete compared to surgical embolectomy, particularly in the distal 
arterial beds and in cases of distal embolization. Endovascular thera-
pies evolved and became more effective as cumulative experience 
grew in the 1980s and 1990s. Development of multihole infusion 
catheters and recognition of the importance of traversing the throm-
botic occlusion with the infusion catheter and infusing the drug into 
the clot rather than above the occlusion have markedly increased the  
efficacy of these procedures.

Three randomized trials performed in the 1990s compared 
endovascular therapy to surgical intervention in patients with 
acute limb ischemia. The Rochester trial randomized 114 patients 
with limb-threatening ischemia from embolic and thrombotic 
occlusion of native vessels or grafts to treatment with IA deliv-
ery of urokinase or surgery.60 Catheter-directed  thrombolysis 
resulted in resolution of thrombus in 70% of patients. After 
1 year, amputation rates were identical in both arms at 18%, but  

THROMBOLYTIC 
AGENT

 
PROPERTIES

 
HALF-LIFE

 
DOSAGE

MAJOR BLEEDING 
COMPLICATIONS

FIBRIN 
AFFINITY

FIBRIN 
SPECIFICITY

Urokinase Direct plasminogen activator;  
cleavage of plasminogen  
converts it into active plasmin

7-20 min 240,000 IU/h for 4 h, 
then 120,000 IU/h

5.6%-12.5% Low Low

Alteplase (rtPA) Recombinant tissue plasminogen 
activator; fibrin-mediated  
conversion of plasminogen to 
active plasmin

3-6 min 0.5-1 mg/h; maximum 
dose 40 mg

6.1%-6.8% High High

Reteplase (rPA) Superior thrombus penetration 14-18 min 0.25-2 units/h; maximum 
dose 20 units in 24 h

6.1%-6.8% Low Moderate

Tenecteplase 
(TNK-rtPA)

Increased fibrin affinity and longer 
half-life

20-24 min 0.25-1 mg/h
Low-dose regimen: 

0.125 mg/h

5.4%-13.3%
2.9%

Low Very high

TABLE 46-2 Properties of Thrombolytic Agents Used in Treatment of Acute Limb Ischemia

IU, international units.
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mortality was significantly higher in the surgical arm: 16% vs. 
42%, with the majority of deaths in the surgical arm related to 
cardiopulmonary complications. Thrombolytic therapy was also 
associated with lower cost.

The larger STILE trial enrolled 393 patients with native vessel or 
graft thrombosis of less than 6 months duration who were random-
ized to surgical intervention or thrombolytic therapy.59 The trial was 
handicapped by inclusion of patients with chronic ischemic symp-
toms unlikely to respond to thrombolysis. Indeed, 70% of patients in 
the thrombolytic arm had symptoms of a chronic nature. Technical 
failure accounted for a large fraction of clinical failures in the fibri-
nolytic arms. Failure to traverse the occlusive lesion was noted in 
28% of patients. In patients who underwent successful catheter 
placement, patency was restored in 81% of bypass grafts and 69% 
of native arteries (P = NS). The ability to cross the lesion with a wire 
was predictive of therapeutic success, a key finding that has guided 
endovascular therapy for acute limb ischemia ever since.

In the fibrinolytic arm, patients received either recombinant tPA 
(rtPA) at a dose of 0.05 mg/kg/h for up to 12 hours or urokinase for 
up to 36 hours. The dose of tPA used in this trial was much larger 
than usual doses of 1 mg/h used in clinical practice today. The 
trial was terminated early after the combined endpoint of death, 
major amputation, and recurrent ischemia occurred in 61.7% 
and 36.1% of patients, respectively, in the lytic and surgical arms  
(P <0.001). The 30-day mortality rates were 4.0% in the thrombolysis 
arm and 4.9% in the surgical arm (P = NS), with amputation rates 
of 5.2% and 6.3%, respectively (P = NS). The difference in major 
morbidity of 21% in the thrombolysis arm and 16% in the surgi-
cal group stemmed primarily from the hemorrhagic and vascular 
access complications and recurrent ischemia observed in the for-
mer group. Patients in the thrombolysis arm had a reduction in the 
extent of surgical revascularization.

A post hoc analysis stratified patients according to the duration 
of symptoms: among patients with symptoms less than 14 days 
in duration, thrombolytic therapy was associated with a trend 
toward a lower rate of major amputation compared to surgical 
intervention (5.7% vs. 17.9%; P = 0.06). Among patients with lon-
ger duration of symptoms, 5.3% of those in the thrombolytic arm 
and 2.1% in the surgical arm underwent amputation (P = NS). 
Among patients with symptoms for 14 days, the rates of death 
and amputation at 6 months were 15.3% in the fibrinolytic arm 
and 37.5% in the surgical arm (P = 0.01). This study firmly estab-
lished that thrombolytic therapy was not effective in most cases 
of chronic limb ischemia.

The TOPAS trial, the third trial comparing surgical  intervention  
to catheter-directed thrombolysis, enrolled only patients with 
 symptoms of less than 14 days’ duration.9 Thrombotic events were 
the predominant etiology of acute limb ischemia, responsible 
for 85% of cases, and occurred more frequently in arterial grafts 
than native arteries. In addition, only 19% of the grafts consisted of 
autologous vein conduits, a departure from modern practice. The 
first dose-finding phase of the trial randomized 213 patients to ini-
tial infusion of variable doses of urokinase, followed by prolonged 
low-dose infusion. Complete thrombolysis was achieved in 71% 
of patients, without statistically significant difference in 12-month 
limb salvage or mortality rates in the surgical and urokinase arms. 
Patients treated with urokinase had a prohibitively high rate of 
intracranial hemorrhage (2.1%), particularly associated with 
use of a higher urokinase dose. In the second phase of the trial, 
542 patients were randomized to surgical intervention or treat-
ment with the safest dose of urokinase infusion. Recanalization 
occurred in 79.7% of patients and complete thrombolysis in 67.9% 
of patients. After 1 year, amputation-free survival in the thrombolytic 
and surgical arms was nearly identical (65% vs. 69.9%; P = NS) 
but came at a cost of higher rates of intracranial hemorrhage of 
1.6% in the thrombolytic arm. Intracranial hemorrhage was associ-
ated with concomitant infusion of therapeutic doses of UFH and 
occurred in as many as 4.8% of patients receiving doses aimed at 
full systemic anticoagulation, compared to 0.5% of patients who 
received subtherapeutic doses of heparin.

Major bleeding complications were higher in the thrombolytic 
arm than in the surgical group (12.5% vs. 5.5%; P = 0.005). At the 
time of discharge, death occurred in 5.9% of surgical patients and 
8.8% of urokinase-treated patients (P = NS). Thrombolytic therapy 
with urokinase was associated with higher rate of bleeding com-
plications, but effectively reduced the need for surgical interven-
tions without compromising amputation-free survival in patients 
with primarily thrombotic rather than embolic etiology of acute 
limb ischemia.

A Cochrane review of five trials of catheter-directed  thrombolysis 
included 1283 patients and reported that there was no  significant 
difference between the two strategies when limb salvage or 
mortality are compared at 30 days or 1 year. Patients undergoing 
 catheter-directed thrombolysis were more likely to suffer bleeding 
complications (8.8% vs. 3.3%; 95% confidence interval [CI]: 1.7-4.6) 
and stroke (1.3% vs. 0%; 95% CI: 1.57, 26.22).73 A “real-world” expe-
rience with catheter-directed thrombolysis was reported in the 
National Audit of Thrombolysis for Acute Leg Ischemia (NATALI) 
registry of 1133 patients treated with thrombolytic drugs between 
1990 and 1999. This study showed amputation-free survival of 75%, 
with amputation and death rates each at 12% in the first 30 days, 
and a 7.8% rate of major hemorrhage. It is not clear whether regis-
tries of such type included patients in whom thrombolytic therapy 
was selected because of high perioperative mortality risk.74

Multivariable analysis identified several factors predicting suc-
cess of thrombolytic therapy.75 Ability to traverse the thrombus 
and position the thrombolytic infusing catheter directly into the 
 thrombus favored successful fibrinolysis. Similarly, native artery or 
a prosthetic graft were more responsive to thrombolysis, whereas 
patients with diabetes were less likely to have successful treatment.

The success of thrombolytic therapy has led to an intense search 
for the optimal agent and dosing regimen in an ongoing effort to 
provide maximal thrombolysis effect with minimal bleeding com-
plications. The largest experience in arterial thrombolysis comes 
from streptokinase, urokinase, and rtPA. Urokinase has been shown 
to achieve more rapid thrombolysis and fewer bleeding complica-
tions than streptokinase.76 Streptokinase use has therefore been 
abandoned owing to its immunogenic effects, platelet-activating 
effects, and higher bleeding rates compared to later-generation 
agents. Urokinase was withdrawn from production in 1999 after 
concerns about contamination in the production process. Since 
that time, rtPA agents have become the dominant fibrinolytics 
used in clinical practice. Three agents are available in this class: 
alteplase, reteplase, and tenecteplase.

Alteplase and tenecteplase have higher affinity for activation of 
fibrin-bound plasminogen than urokinase and reteplase, which 
are less fibrin specific. Reduced fibrin binding of reteplase could 
allow greater availability of unbound drug for thrombus penetration 
and faster lysis compared to tPA. Alteplase is commonly used for 
 catheter-directed thrombolysis. Catheter-directed thrombolysis using 
rtPA has been shown to be superior to streptokinase, achieving 
better angiographic results and superior 30-day limb salvage rates.71 
When compared with urokinase, alteplase was found to have supe-
rior efficacy in thrombus resolution but a price of higher incidence 
of access-site hematoma.77 In the STILE trial, however, there were 
no differences between urokinase and alteplase. A review of mul-
tiple studies evaluating alteplase concluded that the risk of bleed-
ing was directly related to the duration of infusion and overall dose, 
but did not differ from complications encountered with urokinase.78 
Reteplase, a third-generation tPA derivative has a longer half-life of 
13 to 16 minutes and has been successfully tested in a small num-
ber of patients with acute limb ischemia.79,80 Proliferation of adjunc-
tive endovascular treatments has made direct comparisons between 
various lytic agents increasingly difficult, but there is no convincing 
evidence that one rtPA thrombolytic is superior to another in terms 
of efficacy and safety.

Adjuvant therapy with the glycoprotein (GP) IIb/IIIa inhibi-
tor abciximab was piloted in a small trial of thrombolysis with 
reteplase. Study results suggested that combined therapy allowed 
shorter thrombolytic infusion without an increase in bleeding 
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 complications.81 Efficacy of combining infusion of fibrinolytics 
and GP IIb/IIIa inhibitors was further evaluated in the random-
ized RELAX trial (official title: Phosphodiesterase-5 Inhibition to 
Improve Clinical Status and Exercise Capacity in Diastolic Heart 
Failure [RELAX]). In this study, 74 patients with acute occlusion 
received variable does of reteplase alone or reteplase and abcix-
imab infusion.82 At 90 days, the composite endpoint in patients 
treated with a tPA dose of 1 mg/h did not differ, whether they 
received concomitant placebo or abciximab. Interestingly, no 
instances of intracranial hemorrhage were observed in either arm. 
Use of these adjuvant agents has not been accepted as standard 
therapy. Unfractionated heparin, on the other hand, is routinely 
infused through the catheter's side arm to achieve a PTT of 40 
to 50. Subgroup analysis of the STILE trial suggested that hepa-
rin administration during alteplase infusion was associated with 
reduction in the composite endpoint of death, amputation, major 
morbidity, and recurrent ischemia. More importantly, adjunctive 
infusion of heparin in either  urokinase or alteplase arms was not 
associated with increased bleeding.56 Infusion of heparin through 
the sidearm also lowers the risk of catheter thrombosis.83 Thus, low-
dose heparin 400 to 600 units/h should be administered; some 
authors recommend a lower dose of 100 units/h.

Risk of hemorrhagic complications increases with duration of 
therapy. It has been estimated that the risk of major complications 
associated with thrombolytic therapy increases with duration of 
infusion, from 4% at 8 hours to 34% at 40 hours.84 The optimal dura-
tion of thrombolytic infusion is not well defined. There has been 
a gradual decrease in therapy duration from 48-hour infusions 
in early trials to 6- to 18-hour infusions used currently in the era 
of adjunctive techniques. Monitoring of fibrinogen levels during 
thrombolytic infusion has long been advocated. Fibrinogen lev-
els are checked serially during infusion, and a level below 100 to 
150 mg/dL indicates significant dysfibrinogenemia and requires 
lowering the drug dose or stopping the infusion altogether. Lower 
fibrinogen levels correlated with bleeding in the STILE trial, but it 
is not clear whether the fibrinogen level is a reliable predictor of 
bleeding complications.

One of the drawbacks of catheter-directed thrombolysis are the 
prolonged infusion times, high costs of fibrinolytic agents, need for 
repeat angiographic imaging, and monitoring of patients in intensive 
care units (ICUs). Delays in restoring vessel patency made this ther-
apy unsuitable for patients who require immediate revascularization, 
so surgical intervention has been recommended for patients with 
Rutherford class IIb symptoms. The drive to overcome these short-
comings, reduce the dose of thrombolytics required to achieve 
clinical success, and lower hemorrhagic complications has led to  
development of several adjunctive techniques and devices designed 

to achieve more rapid reperfusion of the threatened limb.85–87 
Mechanical thrombectomy, pulse-spray thrombectomy, and ultra-
sound-accelerated thrombolysis are examples of these techniques. 
In modern practice, endovascular procedures for acute limb isch-
emia combine catheter-directed thrombolysis with mechanical 
thrombectomy, pulse-spray thrombectomy, catheter suction embo-
lectomy, ultrasound-assisted thrombolysis, distal embolic protec-
tion devices, and angioplasty and stenting. Despite a variety of 
adjunctive therapies, certain basic principles apply to endovascular 
 thrombolysis: the entire occluded segment must be crossed, and an 
infusion with multiple side holes positioned across the thrombus 
to directly infuse the thrombolytic drug into the thrombus must be 
given. Recombinant tissue plasminogen activator is the most com-
monly used thrombolytic agent, infused at a rate of 0.5 to 1 mg/h for 
a minimum of 12 hours.

Mechanical Thrombectomy Devices
The AngioJet Xpeedior rheolytic thrombectomy catheter (Medrad 
Interventional/Possis, Warrendale, Pa.) is the most commonly used 
mechanical thrombectomy catheter. This small-caliber catheter 
uses a system of forced saline jets at its tip to fragment the throm-
bus, while the vacuum created proximal to the jets by the Venturi 
effect aids in aspiration of the fragmented debris. A simple modifi-
cation allows substitution of saline for thrombolytic agents, which 
can be sprayed into the thrombus without concomitant aspiration. 
Some 20 to 30 minutes after such pulse-spray treatment, the throm-
bus laced with fibrinolytic is fragmented and aspirated in standard 
thrombectomy mode, reducing the thrombotic burden and restor-
ing arterial flow.88 Mechanical thrombectomy can be performed 
without the pulse spray technique to restore flow in patients intol-
erant of thrombolytic drugs. In early trials, thrombectomy with the 
AngioJet catheter in acute limb ischemia of native arteries and 
bypass grafts reestablished arterial flow in 90% of patients. Clinical 
improvement was seen in 82% of patients, with distal embolization 
of thrombus occurring in only 2%.89 Catheter-directed thrombolysis 
is routinely used with this adjuvant therapy, but the dose and dura-
tion of fibrinolytic therapy is reduced.90

Rheolytic thrombectomy was evaluated in a small multicenter 
registry of patients with mostly class IIa and IIb symptoms who 
were treated with catheter-directed infusion before or after rheo-
lytic thrombectomy. After adjunctive angioplasty and stenting or 
elective surgery was performed in 80% of these patients, amputa-
tion rates were 7.1% and mortality 4.0% at 30 days.91 Experience 
with rheolytic thrombectomy suggests that it is particularly effec-
tive in cases of in situ thrombosis, irrespective of the conduit type90 
(Fig. 46-7). The thrombectomy devices fail to remove organized 

A B C D E

FIGURE 46-7 Acute limb ischemia caused by thrombosis of left femoral bypass graft (A) and distal embolization to popliteal artery (B). Pulse-spray 
thrombectomy restored patency of graft (C) and reduced thrombotic burden in popliteal artery (D), allowing catheter-directed thrombolysis to restore patency (E).
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and adherent thrombus and are best used to treat acute  thrombus. 
Overall technical success rates with the AngioJet range from 56% 
to 95%, with distal embolization rates of 9.5% and  amputation-free 
survival rates reaching 75% at 2 years. The device can be also 
used without concomitant thrombolytics, with limb salvage rates 
reported to be as high as 95%.90,92–94

Several other devices are used for percutaneous mechanical 
thrombectomy. The Trellis device consists of a catheter with mul-
tiple infusion holes bordered by proximal and distal balloons 
that when inflated, localize the thrombolytic to the thrombosed 
segment and potentially limit the systemic effect of these agents. 
A  battery-powered sinusoidal wire rotates around the catheter, 
 effectively mixing the thrombus and thrombolytic agents. Before the 
 balloons are deflated, the debris contained between the  balloons is 
aspirated. The use of this device, more common in venous throm-
bosis, has been described in a handful of patients with arterial 
occlusions, but its use was associated with a 11.5% rate of distal 
embolization.95 The Rotarex device (Straub Medical AG, Wangs, 
Switzerland) is available in Europe and has been tested to be safe 
and effective in peripheral arterial thromboembolic disease.96 This 
over-the-wire catheter is designed for thrombus removal in periph-
eral vessels. A spiral at the catheter's tip rotates at 40,000 rpm, and 
fragments and aspirates particles at 180 mL/min. The catheter is 
advanced into the thrombus and gently withdrawn during aspira-
tion. The strength of suction can be adjusted to avoid collapse and 
injury of the vessel around the catheter. The Hydrolyser catheter 
(Cordis, Warren, N.J.) was originally designed for management of 
dialysis access thrombosis. This 6 F 0.018-inch  guidewire-compatible 
catheter uses the Venturi effect to create a vacuum when pow-
ered by a standard contrast injector filled with saline. It has been 
reported effective in treatment of graft thrombosis, and in vitro eval-
uations have found a lower distal embolization rate compared to 
the AngioJet.97 Technical success rates of 88% in grafts and 73% in 
native arteries, with amputation rates of 11%, have been reported.98

All thrombectomy devices require frequent use of  thrombolysis. 
None of these devices have been studied rigorously, but they 
firmly belong in the arsenal of adjunctive devices  accelerating 

 reperfusion and decreasing the amount of thrombolytic drug used. 
Reduction in procedural time and thrombolytic dose is likely 
counterbalanced by more traumatic effect compared to pharma-
cotherapy alone. The thrombolytic drug also affects patency of side 
branches and collateral vessels that are too small to be treated with 
these devices.

Suction Embolectomy
Percutaneous aspiration thrombectomy may be particularly  effective 
for popliteal and tibial vessels (Figs. 46-8 and 46-9). A large-lumen 
catheter (6 F-8 F) connected to a 60-mL syringe is advanced into 
the proximal aspect of the occlusion, vacuum is attached by aspi-
rating the syringe, and the thrombus is aspirated into the catheter 
and removed from the artery.99,100 Combination catheter suction 
embolectomy and thrombolysis can result in success rates of up to 
90%, with a limb salvage rate of 86% at 4-year follow-up.101

Ultrasound-Assisted Thrombolysis
Ultrasound-emitting catheters have been used to assist and accel-
erate thrombolysis. Administration of high-energy ultrasound can 
mechanically fragment thrombus,102,103 whereas low-energy ultra-
sound accelerates enzymatic thrombus lysis by dissociating fibrin 
strands, exposing more fibrin binding sites, and increasing throm-
bus permeability and penetration by thrombolytics.104,105 These 
effects have the potential for accelerating reperfusion and reduc-
ing hemorrhagic complications of thrombolytic therapy.

Four small studies investigated ultrasound-assisted thrombolysis 
for acute limb ischemia. The EKOS EndoWave low-energy system 
(EKOS Corp., Bothell, Wash.) was tested in 25 patients with acute 
lower-extremity arterial occlusion. Complete thrombus resolu-
tion was noted in 88% of patients after mean therapy time of only  
16.9 ± 10.9 hours.106 Another study compared ultrasound accel-
erated thrombolysis with mechanical thrombectomy using the 
Rotarex device in 20 patients with acute femoropopliteal graft 
occlusion.107 Motarjeme used ultrasound-accelerated thrombolysis 

A B C

FIGURE 46-8 Acute limb ischemia due to 
restenosis and thrombosis of superficial femoral 
artery (SFA). Embolic occlusion noted distal to stent 
(A) is engaged with a catheter under suction (B) 
and retrieved, unmasking additional atherosclerotic 
disease (C).
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to treat 24 subacute arterial occlusions, with a technical  success 
rate of 100% and complete thrombus lysis in 96% of cases after 
a mean treatment period of 16.4 hours (range, 3-25 hours).108 The 
mean duration of thrombolytic infusion in the ultrasound arm was 
15 hours, with a technical success rate of 90%. Another  prospective 
study of 21 patients treated with  ultrasound-accelerated thrombol-
ysis showed that complete lysis was achieved in 20 patients, with-
out hemorrhagic complications and 30-day vessel or graft patency 
of 81%.109 The Dutch DUET study will compare the efficacy of 
standard catheter-directed thrombolysis and ultrasound-assisted 
thrombolysis in a randomized trial of acute and chronic  thrombosis 
of native and bypassed infrainguinal vessels with class I and IIa 
symptoms.94

Gradual dissolution of thrombus may provoke distal  embolization 
of smaller fragments into the distal circulation. This  complication 
can occur in 5% of procedures and is manifested by sudden wors-
ening of pain or loss of distal pulses.2 This complication requires 
temporary increase in the thrombolytic dose and, if symptoms do 
not improve in the course of the next 1 to 2 hours, repeat angiogra-
phy may be warranted.

In modern practice, the distinction between surgical and endo-
vascular techniques is often blurred, and patients with acute 
ischemic symptoms are often treated with catheter-directed throm-
bolysis followed by either endovascular, combined, or open proce-
dures.110 In a recent series of 119 patients with acute limb ischemia, 
54% of cases involved solely endovascular techniques, 13% open 
techniques, and 25% combined techniques.110 Femoropopliteal 
and tibial thrombosis was associated with less favorable outcomes 
compared to patients who had occlusion of the aortoiliac seg-
ment. After 30 days, 82% of patients in this series were alive without 
limb loss. Complications included access-site hematoma in 11% of 
patients, transfusion-requiring bleeding in 8%, and compartment 
syndrome in 4% of patients. Thirty-day mortality was observed in 

6% of patients, most of them associated with surgical amputation, 
while limb salvage and survival at 1 year were 74.6% and 85.7%, 
respectively.

Surgical Therapy of Acute Limb Ischemia
Modern surgical therapy for acute limb ischemia was introduced 
in 1963 in a landmark study by Fogarty et al.111 Prior to develop-
ment of the Fogarty catheter, emboli were retrieved by direct 
exposure of the occluded artery and its exploration with rigid 
instruments and suction devices. These methods were not only 
largely ineffective but also damaging to the artery.112,113 Fogarty's 
technique allowed arterial exposure away from the occluded seg-
ment, with much lower risk of arterial injury. Physical examination 
guides the site of surgical exposure; absence of a palpable popli-
teal pulse requires femoral artery exposure regardless of the pres-
ence of a femoral pulse. This approach allows embolectomy of the 
iliac, superficial femoral, profunda, and popliteal arteries. Physical 
examination supporting infrapopliteal occlusion will guide popli-
teal artery exposure and allow cannulation of individual tibial ves-
sels. In cases of upper-extremity acute limb ischemia, the brachial 
artery is the preferred exposure site. Appropriately sized balloon-
tipped embolectomy catheters are advanced into the occluded 
artery, inflated distally, and pulled back, removing the thrombus 
(Fig. 46-10). Appropriate technique is essential to avoid arterial dis-
section and excessive endothelial injury.

When embolectomy does not reconstitute pedal perfusion,  
intraoperative angiography is performed to determine whether 
adjunctive surgical or endovascular intervention is required to treat 
residual distal thrombus. Direct exploration of the tibial ves-
sels at the ankle is associated with high rates of rethrombosis, so 
intraoperative fibrinolytic therapy may be a more effective ther-
apy. Intraoperative angiography should be performed to confirm  

A B C

FIGURE 46-9 Acute limb ischemia after manual compression of right common femoral artery (CFA) access site. A, Thrombotic occlusion of right 
common femoral artery. B, Thrombus is trapped in a filter embolic protection device and withdrawn from artery toward a sheath. Arterial flow is restored 
immediately after percutaneous thrombus removal, with evidence of calcified atherosclerotic disease in CFA (C).
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complete embolectomy. Residual thrombus can be seen in as 
many as 30% of embolectomy procedures.114,115 Similarly, Doppler 
examination should accompany completion angiography to docu-
ment restoration of arterial perfusion, although arterial spasm may 
attenuate the detected signals. Arterial rupture, perforation, intimal 
injury, and distal embolization can complicate embolectomy and 
underscore the importance of performing completion angiography.

In cases of acute limb ischemia caused by embolism, embo-
lectomy is usually sufficient. Removal of the intravascular debris 
from a healthy vessel restores perfusion without the need for addi-
tional intervention. In patients with acute ischemia due to throm-
bosis, the underlying atherosclerotic disease must be addressed, 
either by a surgical bypass or hybrid endovascular approach with 
angioplasty or stent placement. Indeed, as the population present-
ing with acute limb ischemia has shifted toward elderly patients 
with preexisting PAD and in situ thrombosis, Fogarty embolectomy 
has ceased to be a standalone technique. Instead, modern surgi-
cal therapy for acute limb ischemia incorporates complex vascular 
reconstruction, embolectomy, angiography, and hybrid endovascu-
lar techniques.114

Treatment of Upper-Extremity Ischemia
Most reported series regarding management of ischemia of the 
upper extremities come from surgical experience, and therefore 
carry an inherent bias by underreporting the outcomes of conser-
vative management. The development of simple and well-tolerated 
embolectomy techniques has increased the frequency of surgical 
interventions for upper-extremity ischemia.

Before surgical embolectomy techniques gained popularity, con-
servative management included warming, pharmacological vaso-
dilation, and anticoagulation, with sympathectomy reserved for 
intractable pain. Baird reported a series of 95 patients treated before 
the advent of the Fogarty balloon. Among the 78 patients treated 
conservatively, 68% did not suffer any residual effect, 24% suffered 
from residual weakness or claudication, and 8% required amputa-
tion or had complete loss of function in the extremity. These results 
and the superior collateral circulation of the upper extremity led 
to recommendations for conservative treatment, a practice largely 
abandoned today in favor of surgical embolectomy. Subsequent 
reports indicated that as many as 50% of patients treated conserva-
tively were left with significant functional impairment, strengthen-
ing the argument for more aggressive intervention.116

Prior to the development of balloon embolectomy, surgical 
interventions involved arteriotomies at multiple sites and removal 
of the clot by “milking out” the arm or use of corkscrew wires and 
forceps. Introduction of the Fogarty balloon catheter enabled 
removal of thrombus under local anesthesia through a single bra-
chial arteriotomy in the antecubital fossa. Modern surgical tech-
niques result in amputation and symptom-free outcomes in 80% 
to 90% of patients.117,118 A more recent series of 251 patients treated 
with surgical embolectomy over a period of 2 decades reported 
amputation rates of 2% and a mortality rate of 5.6% from cardiac 
and cerebrovascular complications, despite the fact that general 

anesthesia was used in only 3% of procedures.119 The high periop-
erative mortality and 40% subsequent mortality underscores the 
severity of coexisting medical conditions in patients with acute 
arterial occlusions.

Catheter-directed thrombolysis has not been widely used in 
the treatment of acute arm ischemia. Upper-limb salvage rates are 
much higher than in lower-limb arterial occlusion, and the risk 
of bleeding associated with thrombolytic therapy may thus be 
more justified in lower-extremity interventions. Nevertheless, ini-
tial reports of catheter-directed thrombolysis have been successful. 
Coulon et al. described a series of 13 patients with acute occlusion 
of the axillary and brachial arteries largely due to atrial fibrillation. 
Catheter-directed thrombolysis resulted in complete thrombus res-
olution in 8 patients, full recovery in 11, and no limb loss.120 Others 
have reported similar results in small groups of patients.121,122 
Thrombolytic therapy may be particularly useful in cases of digital 
vessel thrombosis.

Compartment Syndrome
Compartment syndrome follows intracranial hemorrhage as the 
most feared complication of revascularization procedures in patients 
with acute limb ischemia. Post-reperfusion compartment syndrome 
most frequently occurs in patients with surgically treated class IIb 
and III symptoms, but can also occur in patients with less severe 
ischemia undergoing endovascular therapies. Ischemic reperfusion 
injury can occur even after only an hour of ischemia.123 Mortality 
from this syndrome ranged from 7.5% to 41% in the 1960s and 1970s 
and remains high today.124 The likelihood of developing compart-
ment syndrome is directly related to the duration of ischemia; the 
longer the ischemic period, the higher the likelihood of reperfusion 
syndrome and worse clinical outcome. Reperfusion within 12 hours 
of ischemia onset has been associated with mortality and limb sal-
vage rates of 12% and 93%, respectively. Reperfusion after more than 
12 hours of ischemia carries a much worse prognosis: mortality rates 
can be as high as 31%, with limb salvage rates of 78%.125

Compartment syndrome is caused by tissue swelling follow-
ing restoration of blood flow and reperfusion injury.126 The tissue 
injury initiated during the ischemic period is continued by reper-
fusion with oxygenated blood, with introduction of oxygen free 
radicals and inflammatory cells. Free radicals peroxidate the lipid 
component of cell membranes, thus enhancing capillary perme-
ability and muscle edema.123,127 Compartment syndrome occurs 
when high pressure in a confined fascial space reduces capillary 
perfusion below a level needed to maintain tissue viability.128 The 
resulting pressure decreases venous drainage from swollen muscle 
groups encased in firm fascial layers. Pressure in the limb com-
partment increases to further decrease venous and capillary flow, 
and eventually overcomes arterial pressure and stops arterial per-
fusion. Unless rapidly decompressed, the compartment pressures 
will result in irreversible neuromuscular damage.

Clinical signs and symptoms of the syndrome include rapidly 
progressive pain out of proportion to the clinical situation. Clinical 
examination is characterized by pain on passive stretch of the mus-
cle in the affected compartment, paresthesias of the muscles in the 
compartment, and hypoesthesia in the distribution of the nerve 
traversing the affected compartment. Limb examination is notable 
for a pale and painful swollen calf, thigh, or forearm. Distal pulses 
may become undetectable if the pressure becomes severe enough, 
but their presence does not exclude the syndrome.129 Timely recog-
nition of this complication is crucial because compartment pres-
sure exceeding 30 mmHg for 6 to 8 hours leads to irreversible limb 
injury and limb loss. Some reports indicate that untreated com-
partment syndrome results in muscle necrosis within 3 hours.130 
Diagnosis of the syndrome is established by physical examination, 
but compartment pressure measurement can help confirm the 
diagnosis in some cases. The compartment pressure criteria used 
to guide the decision for urgent fasciotomy vary from 30 mmHg, 
45 mmHg, or any pressure exceeding the diastolic arterial pressure 
by 10 to 30 mmHg.131–135

FIGURE 46-10 Fogarty embolectomy balloon with thrombus removed 
from popliteal artery. (Image courtesy Dr. Edwin Gravereaux.)
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Once recognized, urgent fasciotomy of the three compartments 
in the thigh or four compartments in the calf (anterior, lateral, deep 
posterior, and superficial posterior) is recommended. Delay in 
therapy results in limb loss, rhabdomyolysis, tissue necrosis, renal 
failure, and death.136,137 Even after successful fasciotomy, ampu-
tation rates can be as high as 11% to 21%.138,139 Among patients 
undergoing fasciotomy for reperfusion injury, even successful limb 
salvage leaves 36% of the limbs with some degree of dysfunction.139

The frequency of fasciotomies after revascularization has 
been reported to be as high as 16% to 22%, although many of 
these procedures are performed prophylactically to prevent 
compartment syndrome.140,141 Patients undergoing thromboly-
sis usually have less severe ischemia, and reperfusion is more 
gradual. Consequently, compartment syndrome rates in patients 
treated with  endovascular therapies occurs in 2% of procedures. 
Some increase in compartment pressure is routinely seen after 
revascularization of an ischemic limb, but the pressure rarely 
reaches levels high enough to cause a clinical syndrome.142,143 
Experimental evidence suggests that prophylactic fasciotomies 
performed at the time of reperfusion reduce the amount of mus-
cle injury, compared to fasciotomies performed several hours 
later. Some authors recommend prophylactic fasciotomies in 
cases when ischemia exceeds 6 hours, the patients are young, 
reperfusion is incomplete, and tissue swelling develops immedi-
ately upon or even before reperfusion.129,140,144

Adjunctive Medical Therapy
In addition to the underlying medical comorbidities, reperfusion 
injury is the principal cause of mortality and morbidity after revas-
cularization. To reduce ischemic reperfusion injury, gradual reperfu-
sion with modified reperfusate has been evaluated in experimental 
animal models. Hypothermia and low initial flow rates have been 
shown to decrease the severity of reperfusion injury in animal 
skeletal muscle.145 Controlled reperfusion consists of a 30-minute 
 infusion of crystalloid reperfusion solution mixed with oxygenated 
blood directly into the revascularized artery and muscle bed.146 
Controlled reperfusion does not eliminate reperfusion injury, but 
may significantly attenuate it with a decrease in tissue edema and 
preservation of muscle viability and contraction force.147,148 Other 
strategies have been proposed over the years, but none have pen-
etrated into clinical practice. Administration of free radical scav-
engers and antiinflammatory agents has been shown to mitigate 
the deleterious effects of reperfusion.43 Controlled reperfusion with 
blood mixed with crystalloid to obtain an alkalotic, hypocalcemic, 
and substrate-rich perfusate has been shown to successfully reduce 
the degree of reperfusion injury.146,149–151 Patients  undergoing con-
trolled reperfusion have superior functional recovery and a lower 
rate of amputation.152

Iloprost, a synthetic analog of prostacyclin, has been investigated 
as adjunctive therapy to reduce limb-related complications by 
improving microcirculation. In a randomized study of 300 patients 
with acute limb ischemia, patients treated with IA and IV infusion 
of iloprost had a statistically significant lower 90-day mortality rate 
compared to patients in the placebo arm.153 There was, however, no 
difference in the rate of amputation. None of these investigational 
therapies have reached the mainstream of modern clinical practice.
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Atheroembolism is a rare but serious disorder with significant 
morbidity from stroke, renal failure, and limb loss. This systemic 
disorder affects multiple organs and carries a high mortality rate. 
Atheroembolism can be a single event or recurrent. It can occur 
spontaneously or following an invasive vascular procedure. It can 
originate from atherosclerotic or aneurysmal disease and involve 
single or multiple sites. There is no specific laboratory test that 
can reliably distinguish cholesterol embolization from other dis-
orders. A definitive diagnosis can only be made with biopsy of 
involved tissue and histological examination. A high index of 
clinical  suspicion is necessary because atheroembolism may 
mimic a number of other disorders, leading to potential misdi-
agnosis. The focus of this chapter will be review of pathophysiol-
ogy,  precipitating factors, clinical syndromes, and management of 
atheroembolic disease. Prognosis is determined by the extent of 
systemic  involvement and risk of recurrent episodes. As in many 
vascular disorders, prevention is the best treatment.

Atheroembolism occurs when tiny fragments of an atheroscle-
rotic plaque (in particular, cholesterol crystals) break off from a 
proximal artery and travel distally in the circulation, ending up 
in small arteries downstream from its origin. The consequence of 
this event is microvascular obstruction with tissue ischemia. The 
abdominal aorta is the most common origin for atheroembolism 
to the abdominal organs and lower extremities, but any artery 
with atheromatous disease may be a potential embolic source. 
 End-organ targets include the brain, eye, heart, kidney, gastroin-
testinal tract, fingers, toes, and skin. The kidneys and skin are the 
two most common targets in many cases.1 In the setting of an 
elderly patient who develops sudden onset of pain and ischemia 
of the distal extremities and unexplained renal failure after an 
invasive angiographic procedure, atheroembolism should be 
high on the list of likely diagnoses.2

Atheroembolism can present in a number of distinct clinical 
syndromes (Box 47-1). The blue toe syndrome occurs when arter-
ies to the distal parts of the feet and toes become obstructed 
by atheromatous embolization causing toe ischemia (Fig. 47-1). 
Livedo reticularis (localized mottling of the skin) occurs when 
the  atheroembolism involves small cutaneous vessels (Figs. 47-2 
and 47-3). When present, this can be an important diagnostic indi-
cator of atheroembolism. Acute and chronic kidney failure can 
result from aortic or renal artery atheroembolism. Atheroemboli 
can also travel to the mesenteric arteries, causing intestinal necro-
sis, or to the splenic, hepatic, or pancreatic arteries, causing local-
ized infarction. Transient ischemic episodes and stroke may result 
from atheromatous disease of the aortic arch, internal carotid, 
or vertebral arteries. Atheroembolism to the retinal arteries may 
present with temporary horizontal monocular visual loss called 
amaurosis fugax. Funduscopic examination may identify a bright 
reflection from a cholesterol crystal in a retinal artery known as 
a Hollenhorst plaque.3 The unifying cause of all atheroembolic 
syndromes is the presence of atheromatous disease in a proximal 
artery and ischemic damage to a distal organ or extremity when 
these fragments embolize and lodge in distal vessels.

A number of terms for this syndrome are used interchangeably 
in the literature, including cholesterol crystal embolization, ather-
omatous embolization, and atheroembolism. Vascular medicine 
covers a great deal of internal medicine, and atheroembolism 
should be in the differential diagnosis of many diseases includ-
ing vasculitis, infective endocarditis, malignancy, hematological 
diseases, atypical infections, Raynaud's syndrome, and acute and 
chronic renal failure. Atheroembolism has been called “the great 
masquerader” because it may resemble many other conditions.4 
Diagnosis of atheroembolism is usually made on the basis of  

clinical  suspicion, by history and examination, but most importantly 
by an astute clinician who considers this entity when presented 
with unusual vascular diseases.

Pathobiology
Atheroembolism originates from atherosclerotic plaque. The 
pathobiology of atherosclerosis is reviewed in detail in Chapter 8.

Etiology
Atheroembolism may occur spontaneously or be precipitated by 
angiographic or surgical procedures (iatrogenic). Earlier reports 
indicated spontaneous episodes of atheroembolism were more 
common.5,6 Today with increased numbers of vascular proce-
dures, iatrogenic catheter-induced atheroembolism outnumbers 
spontaneous cases. Currently, over three fourths of atheroembolic 
renal  disease is procedure-related, occurring during or after an 
 angiographic or endovascular procedure7,8 (Figs. 47-4 through 47-6).

Spontaneous Atheroembolism
WHO IS AT RISK?

Spontaneous atheroembolism occurs in older patients with 
advanced atherosclerosis. In Fine's review of 221 cases of athero-
embolism in the English literature, he noted a predominance of 
patients with underlying atherosclerotic disease including cardiac, 
carotid, and kidney disease. In particular, many had significant 
preexisting chronic kidney disease (CKD) evidenced by elevated 
serum creatinine (Cr) (CKD stage 3 or 4). There was also a high 
incidence of aortic aneurysms, present in 25% of these patients.5 
Many patients with atheroembolic events present with multisystem 
manifestations. Common presentations of spontaneous atheroem-
bolism included blue toe syndrome, livedo, and progressive renal 
failure. Stroke/transient ischemic events due to carotid atheroscle-
rosis is one of the best examples of a spontaneous atheroembolic 
episode. The mechanism of blue toe syndrome has been likened 
to a brain transient ischemic attack (TIA), but affecting a lower 
extremity.9 Today, many cases of unexplained progressive renal fail-
ure may be due to unsuspected atheroembolism.

In most series, males outnumber females, with mean ages ranging 
from 63 to 69 years.1,5,10 Skin lesions and renal failure are often the 
two most common manifestations.1,5 Skin lesions may be the ini-
tial clinical sign of atheroembolization (see Fig. 47-3), of which blue 
toes and livedo reticularis make up 88% of cutaneous findings.1 
African Americans are less likely to be diagnosed with atheroembo-
lism, perhaps because the faint cutaneous pattern of livedo is more 
difficult to see in skin that is more deeply pigmented11 (Fig. 47-7).

HOW COMMON IS SPONTANEOUS ATHEROEMBOLISM?

Autopsies studies from the 1940s found an atheroembolic  incidence 
of 3.4% (9 of 267 patients with aortic atherosclerosis).12 A larger 
and more recent autopsy study involving 2126 elderly patients over 
a period of 7 years found only 16 cases of spontaneous athero-
embolism (incidence <0.1%) despite the high prevalence of severe 
aortoiliac atheromatous disease and aortic aneurysms.13 Another 
autopsy study of 372 patients found spontaneous cholesterol embo-
lization occurred in only seven individuals; all were over age 60, and 
all but one were male, for an incidence of 1.9%. Lesions of different 
ages were noted, suggesting recurrent episodes to the kidneys and 
spleen.10 A review of autopsy data at Johns Hopkins from 1973 to 
1995 found 0.7% had histological features of atheroembolism.14
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The actual incidence of spontaneous atheroembolism is diffi-
cult to determine; symptoms may be vague, and clinical features 
can be subtle or not recognized.15

Procedure-Related Atheroembolism
CARDIOVASCULAR SURGERY

Atheroembolism can occur as a complication of any invasive 
 cardiac or vascular procedure or operation. Atheroembolism 
has been reported following abdominal aortic aneurysm (AAA) 
repair,  aortoiliac bypass, and aortic and renal arteriography. 
Atheromatous debris can be dislodged during left heart catheter-
ization, external cardiac message, blunt abdominal trauma, coro-
nary artery bypass surgery, and many endovascular procedures.2,16

The advent of aortography in the 1930s transformed our abil-
ity to make accurate vascular diagnosis and expanded treatment 
options, but brought with it the risk of atheroembolism,  especially 

FIGURE 47-3 Atheroembolism to buttock and flank. Same patient as in 
Figure 47-2, with renal failure and livedo reticularis as presenting symptoms of 
previously unknown abdominal aortic aneurysm (AAA).

FIGURE 47-2 Patient with previously undiagnosed abdominal aortic 
aneurysm (AAA) presenting with atheroembolism to lower extremities. 
Note typical lacy reticular skin pattern of both thighs.

Skin
livedo reticularis
Petechiae
Purpura
splinter hemorrhages
Fissures and nodules
Ulceration and skin necrosis

Extremities
blue toe syndrome
Digital gangrene
Trash foot

Renal
Acute and chronic renal failure
Progressive renal failure
Proteinuria
Renal infarction
Worsening or uncontrolled hypertension

Gastrointestinal
Abdominal pain
Nausea/vomiting
Gastrointestinal hemorrhage
bowel perforation/infarction
Pancreatitis
Cholecystitis
splenic infarcts
Abnormal liver transaminases

Central Nervous System
Amaurosis fugax
Hollenhorst plaque
Transient ischemic attack (TiA)/stroke
spinal cord infarction

Cardiac
myocardial infarction (mi)

General Symptoms
myalgias
Fever
malaise
Weight loss
Anorexia

Box 47-1  Clinical Syndromes and Manifestations  
of Atheroembolism

FIGURE 47-1 Classic blue toe syndrome. Note impending infarction of 
affected third toe, with livedo of the plantar surface.
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in patients with atheromatous or aneurysmal disease. A 30% inci-
dence of atheroembolism after abdominal aortography was 
reported in patients who subsequently died within 6 months of the 
procedure. The organs most commonly affected were the kidneys 
and spleen.17

In the 1950s, Thurlbeck and Castleman first reported athero-
embolism associated with vascular surgery and attributed this 
to operative manipulations that included arterial incisions, can-
nulation, and clamping of major arteries. Postmortem examina-
tion of those who died following AAA repair found cholesterol 
embolization to the kidneys in as many as 77% of patients.18 In a 
more recent large retrospective series of 1011 patients undergoing 
angiographic procedures prior to aortic or infrainguinal vascular 
surgery, 2.9% (29 patients) were identified with atheroembolism. 
The majority of iatrogenic cases were attri buted to aortography 
as opposed to surgery. The primary sources of embolism in these 

patients were the abdominal aorta, iliac arteries, and femoropop-
liteal arteries.19

Massive atheroembolism following aortoiliac stent placement 
for treatment of aortic aneurysmal disease has been reported but 
is uncommon.20,21 A study using Doppler ultrasound to identify 
microembolism found a significantly higher degree of peripheral 
embolization during endovascular aneurysm repair, compared to 
conventional surgical aneurysm repair.22

Atheroembolism can also occur after coronary artery bypass 
grafting (CABG) and valve surgery. Fatal myocardial infarction  
(MI) due to atheroembolism has been reported during coronary 
artery bypass operations.23 Procedures that provoke  atheroembolism 

FIGURE 47-4 Abdominal magnetic resonance imaging (MRI) showing 
diffuse atherosclerosis of aorta, with “arteriomegaly.” This disease has a 
high risk of atheroembolism.

FIGURE 47-5 Arch aortogram showing right subclavian aneurysm 
with ulcerated atheromatous disease in nonsmoking young woman 
with thoracic outlet syndrome, presenting with atheroemboli to fingers.

FIGURE 47-6 Upper-extremity angiogram in patient with hypothenar 
hammer syndrome, multiple digital artery occlusions resulting in 
critical ischemia of fingers. Note abnormal ulnar artery tortuosity secondary 
to local trauma to hand.

FIGURE 47-7 Atheroembolism to left fifth finger. Origin is from 
subclavian atheromatous plaque.
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include aortic cannulation, initiation of cardiopulmonary bypass 
(CPB), and transecting and anastomosis of bypass grafts to the 
ascending aorta during cardiac surgery. Atheroemboli may 
 originate from the aortic root at the origin of vein grafts or from 
ruptured plaque in a coronary artery. In one series of 29 patients 
who died after cardiac surgery, atheroembolism was the causative 
factor in 22% of all deaths. In this series, atheroembolism to the  
coronary circulation caused cardiac failure; to the brain caused 
massive stroke; and to the gastrointestinal tract caused abdomi-
nal pain and bleeding.14 Fortunately this is rare. Of 4095 CABG pro-
cedures, atheroembolism was found in only nine patients, for an 
 incidence of 0.22%.23 Those undergoing reoperation were found to 
have a higher incidence of 2.3%.23

Atherosclerosis involving the ascending aorta is a major risk fac-
tor for stroke during cardiac surgery. A large autopsy study of 221 
patients found severe atherosclerosis of the ascending aorta in 
patients who died from atheroembolism after cardiac procedures. 
Atheroembolism occurred in 46 of 123 patients with severe ascend-
ing aortic disease, but only 2 of 98 (2%) without ascending aortic dis-
ease.24 The incidence of atheroembolism was three times as high after 
CABG than valve surgery (26.1% vs. 8.9%).24 Older patients with more 
advanced atheromatous disease of the ascending aorta were at the 
highest risk. Atheroemboli traveled to the brain in 16%, the spleen in 
11%, kidney in 10%, and pancreas in 7%. Two thirds of patients had 
multiple sites of atheroembolism.24 A 12% stroke risk during CPB was 
noted in a more recent study if aortic arch atheromas are seen with 
intraoperative transesophageal echocardiography (TEE).25

Transcranial Doppler (TCD) has documented that the greatest 
number of microembolic events was found during aortic clamp-
ing and initiation of bypass.26 A study where an intraaortic filter 
was deployed and left in place until the patient was weaned from 
bypass found that 62% of filters contained atheroma in addition to 
platelet and fibrin strands.27

Off-pump CABG may reduce cerebral damage due to micro-
embolism.28 A study comparing effects of CABG with and with-
out CPB assessed retinal microembolization by fluorescein 
angiography and fundus photography. Doppler high-intensity 
transient signals (HITS) was used to assess emboli to the brain. 
Five of nine pump patients had retinal microvascular damage, 
but none was evident in the off-pump patients. Doppler HITS 
were 20 times more frequent in the CPB patients.28 Off-pump 
coronary artery bypass may have less risk of atheroembolism by 
avoiding arterial cannulation and the abrasive effect of CPB on 
the arterial wall.24,28

CARDIAC CATHETERIZATION

Cholesterol embolization after left heart catheterization is rare 
but can be devastating when it occurs. Coronary angiography is 
the most common invasive procedure associated with atheroem-
bolism.8 Clinically detectable cholesterol embolization occurring 
after cardiac catheterization has resulted in stroke, renal failure, 
mesenteric ischemia, and lower-extremity tissue loss with  gangrene. 
In some situations it has a high fatality rate.29–33

A retrospective British study by Drost et al. reported 7 cases out  
of a total of 4587 cardiac catheterization procedures. Most had 
extensive atherosclerosis and suffered multisystem atheroembo-
lization, with a retinal embolism in one patient, renal failure in 
five patients, and three requiring toe amputations. Six of the seven 
had extensive atherosclerosis. Four of these patients died within 
4.5 months of this procedure.29

In a large prospective Japanese study, Fukumoto et al. pros-
pectively reviewed 1786 consecutive patients undergoing left 
heart catheterization in a multicenter study. Diagnostic criteria for 
atheroembolism included livedo reticularis, blue toe syndrome, 
digital gangrene, or renal dysfunction. They found an incidence of 
1.4 % (25 patients), of which cutaneous findings and renal failure 
were the two most common clinical findings. If only definite cases 
were counted, the incidence was lower at 0.75%. Prognosis is poor 
in some patients, with an in-hospital mortality rate of 16 %.34

Saklayen et al. prospectively evaluated 267 patients undergoing 
coronary angiography at a Veterans Administration (VA) medical 
center. A rise in Cr of 0.5 mg/dL or more at 3 weeks after the pro-
cedure was the main indicator of atheroembolism. They found 
an incidence of atheroembolic renal dysfunction of 1.9% (5/263 
of patients undergoing coronary angiography).31 Frock identified 
17 patients with atheroembolic renal disease out of 14,998 angi-
ographic procedures, an incidence of 0.1%.35 In a prospective 
study of 1579 patients, Johnson et al. also found the incidence of  
cholesterol embolization to be very low: a single patient in 1579 
coronary angiograms (0.06%).36

Passage of a catheter into the aorta for any endovascular pro-
cedure may not only loosen atheromatous plaque but can also 
scrape off aortic debris into the coronary guiding catheters. During 
contrast injection, this debris could be injected into the coronary 
or cerebral artery. In a study of 1000 consecutive coronary inter-
ventions, the amount of atheromatous material entering a guid-
ing catheter from passage up the aorta was assessed by allowing 
blood to passively exit the back of the catheter into a sterile towel. 
Depending on the catheter shape, aortic debris was recovered in 
24% to 65% of interventional cases. Surprisingly, the finding of aortic 
debris did not correlate with clinically apparent neurological, cor-
onary, or renal ischemic events. Allowing adequate back- bleeding 
of guiding catheters before injecting contrast was suggested to 
decrease the risk of atheroembolism found in the guiding catheter 
from scraping the wall of the aorta during placement.37

Today with more advanced surgical techniques and greater aware-
ness of atheroembolic risk, the incidence of atheroembolism  during 
vascular and cardiac procedures is less common. The promise of 
 distal protection devices to decrease the risk of atheroembolism 
 during a procedure is still being assessed. Atheromatous debris can be 
recovered from the majority of angioplasty  procedures. Development 
of more flexible catheters and lower-profile devices, along with 
improved operator technique, should allow for lower incidence of 
atheroembolic events in the future.38

Intraaortic Balloon Pumps

Karalis et al. addressed the risk of atheroembolism in patients under-
going catheterization when they have a so-called shaggy aorta. In 
this study, 70 patients were identified with aortic debris found on 
echocardiography, and 10 had a procedure-related embolic epi-
sode. A brachial approach may be a better option in these patients.39

Intraaortic balloon pumps have especially high potential for 
embolization when placed in an aorta with atherosclerotic debris. 
In one study, 5 of 10 patients (50%) had an embolic event related 
to placement of an intraaortic balloon pump.39 If aortic debris is 
mobile, risk of embolization is especially high.

Spinal cord atheroembolism is a very rare complication of angio-
graphy.13,40,41 Spinal cord infarction likely occurs secondary to 
embolic occlusion of small spinal cord arteries.

Anticoagulation/Thrombolysis Issues
The concern that warfarin could precipitate atheroembolism 
was first raised in 1961 by Fedar and Auerbach, who reported six 
patients who had developed painful purple toes after initiation of 
an oral anticoagulant.42 Since then, anecdotal reports have linked 
warfarin with spontaneous atheroembolism. Clinical improvement 
of atheroembolism manifestations, including livedo reticularis, 
abdominal pain, and even renal function, has been reported after 
oral anticoagulants were discontinued.43,44 Other anecdotal reports 
have indicated improvement in skin necrosis and livedo when 
low-molecular-weight heparin (LMWH) was discontinued.43,45 It is 
hypothesized that anticoagulation could dissolve or prevent for-
mation of a  protective thrombus over an atherosclerotic plaque, 
leaving it vulnerable to rupture and embolization.

To the contrary, a number of large studies have shown no 
increased risk of atheroembolism in patients treated with  warfarin. 
Blackshear et al. addressed concerns of warfarin anticoagulation 
in patients with atrial fibrillation and documented aortic plaque.  
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The SPAF III (Stroke Prevention in Atrial Fibrillation) trial looked 
at patients with atrial fibrillation and aortic plaque documented 
by TEE and found that patients assigned to warfarin therapy had 
an annual cholesterol embolization rate of 0.7 per patient-year, 
which was lower than those randomized to warfarin plus aspirin. 
The authors conclude that “elderly patients with AF and aortic 
plaque can receive adjusted-dose warfarin with a relatively low risk 
of cholesterol embolism.”46 The French Study of Aortic Plaques in 
Stroke found no difference in recurrent brain infarction in patients 
receiving warfarin compared to those on aspirin.47

Many cardiovascular patients are on anticoagulation, and in 
most case reports, causation is difficult to prove. Elderly patients 
are most likely to have advanced atherosclerosis and yet have 
chronic disorders such as atrial fibrillation requiring long-term 
anticoagulation. Often these patients had undergone other proce-
dures including angiography, which is more likely an explanation 
for atheroembolic events. Delayed recognition of an acute event 
or recurrent showers in patients with shaggy aortas may account 
for the temporal association of atheroembolism with an oral 
anticoagulant.48

A sensible conclusion is to continue anticoagulation when 
 compelling conditions exist, such as atrial fibrillation and 
thromboembolism, but consider stopping it if there is a lesser 
indication.38

Atheroembolism has also been reported to occur after thrombo-
lytic therapy for myocardial infarction.49–52 In some of these case 
reports, atheroembolism occurred in the absence of any invasive 
procedure, therefore implicating thrombolysis as a possible culprit. 
The mechanism of atheroembolism is thought to be dissolution 
of thrombus overlying atheromatous plaque, exposing ulcerated 
plaque to the arterial circulation that can embolize distally. Large  
trials of thrombolysis for acute myocardial infarction (AMI), 
including GISSI 2 and GUSTO, did not cite atheroembolism as a  
complication of thrombolytic therapy, so concern of atheroemboli-
zation should not be a reason to withhold thrombolysis.53

Blankenship et al. prospectively followed 60 patients with AMI 
who later underwent CABG. Half of these patients received throm-
bolytic therapy and half did not. It was concluded the prevalence 
of cholesterol embolization was not higher in those who received 
thrombolytic therapy.54

Atheroembolic Syndromes
Livedo and Skin Atheroembolism
Skin findings are the earliest and at times the only clinical finding 
of atheroembolism. Livedo reticularis is the most common man-
ifestation of skin involvement, noted in 49% of patients.55,56 The 
incidence of cutaneous manifestations of atheroembolism ranges 
from 35% to 96%.1,57,58 Livedo has been labeled an underutilized 
clue to the diagnosis of atheroembolism because it should be con-
sidered an important and common indicator of atheroembolism 
elsewhere—in particular, to the kidneys or mesenteric organs.55,59 
For example, the suspicion of renal atheroembolism is markedly 
strengthened by the finding of livedo reticularis affecting the trunk 
or abdomen.

Livedo reticularis has a classic appearance as a reddish-blue lacy 
or netlike color pattern of the skin (Fig. 47-8). It is noted when the 
cutaneous venous plexus becomes visible owing to desaturated 
venous blood. In the presence of atheroembolism, small arteries 
are obstructed, reducing flow into the venous plexus and resulting 
in stasis of deoxygenated blood.60 Characteristics of livedo reticu-
laris include blanching with local pressure. It is more prominent 
when the patient is upright and may not be apparent if the patient 
is examined in the supine position.55 Atheroembolism is less fre-
quently diagnosed in nonwhite individuals because darker skin 
may disguise visible manifestations.11 Livedo is most commonly 
seen on the feet and legs, but thighs, buttocks, lower back, abdo-
men, and upper-extremities can also be affected, depending on the 
source of the atheroembolism.1

Less common cutaneous findings in atheroembolism include 
splinter hemorrhages, petechiae, purpura, and erythematous 
 nodules. Cholesterol embolism to the skin has been called a 
 pseudovasculitic syndrome.61 Livedo due to atheroembolism has 
been mistaken for small-vessel vasculitis in 16% of patients.62 The 
diagnosis of atheroembolism can be confirmed by skin biopsy,  
and is positive in 92% of cases.57,62

In young women, livedo reticularis may be a common normal 
finding due to cold-induced vasospasm of skin vessels, and clas-
sically disappears with warming. It can also be seen in a number 
of diseases including collagen vascular disorders, antiphospho-
lipid antibody syndrome, disseminated intravascular coagulation 
(DIC), vasculitides such as systemic lupus erythematosus (SLE) and 
 polyarteritis nodosa, infective endocarditis, cryoglobulinemia, and 
 hyperviscosity disorders.38

Atheroembolic Renal Disease
About half of all reported cases of atheroembolism involve the 
 kidney.7 The kidney receives a major percentage of the cardiac  
output and is the most common site for atheroembolism, followed 
by skin and gastrointestinal tract.1,63 In clinical practice, it has been 
estimated that up to 10% of all cases of acute renal failure may be 
due to atheroembolism.64

Atheroembolic renal disease is defined as a syndrome of renal 
failure secondary to obstruction of small kidney arteries, arte-
rioles, and glomerular capillaries by cholesterol crystal athero-
embolism dislodged from the aorta or proximal renal arteries.65 
Renal atheroembolism may occur spontaneously in patients who 
have advanced atheromatous disease of the abdominal aorta, but 
more frequently it occurs as a complication of an angiographic 
or endovascular procedure. As noted earlier, passage of a catheter 
or guidewire through the aorta or renal arteries may dislodge ath-
eromatous plaque fragments that travel to the kidneys, where they 
remain in small vessels. Today, approximately three fourths of renal 
atheroembolization cases are iatrogenic secondary to invasive pro-
cedures, in particular angiography. Coronary angiography is the 
most  common angiographic procedure.7,8

The exact incidence of spontaneous atheroembolic renal  disease 
is difficult to determine because most studies are retrospective. 
However, approximately 20% of atheroembolic episodes to the  
kidneys are thought to be unprovoked spontaneous episodes.65  
In addition, many atheroembolic episodes are subclinical, difficult  
to diagnose, and may be missed unless specifically looked for.

In renal biopsy studies, the prevalence of renal atheroembolism 
in all patients and age groups is quite low, ranging from 0.31% to 
2.4%.8,10 Moolenaar and Lamers reviewed the Netherlands expe-
rience of 842 cases of cholesterol crystal embolization in the 
Dutch National Pathology Information System and found an inci-
dence of 6.0 cases per million population. Among autopsy reports, 
they also found a low incidence of 0.31%.63 In other renal biopsy 
series, Greenberg et al. found 24/500 had atheroembolic findings.66  

FIGURE 47-8 Unusual nonblanching livedo reticularis of thigh in 
patient with suspected livedo vasculitis.
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In another large series of 755 renal biopsies, atheroemboli were  
discovered in 8 patients (1.1%).67 Selection bias may account 
for the low prevalence; these patients were selected for biopsy 
because of unexplained recent worsening of renal function.

Atheroembolism to the kidneys can also occur during any 
vascular surgical procedure, in particular AAA resection, renal 
revascularization, and aortoiliac or aortofemoral bypass. In those 
who died after aortic surgery or an angiographic procedure, the 
finding of atheroembolism at autopsy ranged from 12% to 77%.8 
Atheromatous emboli to the kidney was documented in 77% of 
patients following surgical repair of abdominal aortic aneurysms.2

Atheroembolism to the kidneys also occurs as complication of 
endovascular procedures (Box 47-2). Modi and Rao reports 85% 
of patients presenting with atheroembolic renal disease under-
went an invasive vascular procedure within the prior 3 months 
(abdominal aorta, coronary, or carotid angiography).65 Olin has 
stated that atheroembolism likely occurs in every patient under-
going an endovascular procedure (renal artery angioplasty and 
stent) for atherosclerotic renal disease.68 A study by Kawarada 
et al. used intrarenal duplex ultrasound to detect microembolic 
signals and found that emboli occurred in all 13 patients undergo-
ing renal artery stent implantation, in particular post dilation of the 
stent.69 Underappreciation of this frequent occurrence is because 
clinicians attribute acute renal failure after a procedure to another 
cause such as contrast-induced nephropathy.

A prospective study at a VA medical center looked at renal fail-
ure after cardiac catheterization. Atheroembolism was suspected 
on the basis of a 0.5 mg/dL or more rise in Cr 3 weeks after a coro-
nary angiogram. Although the incidence of renal impairment was 
low in this group, two of the five died of renal failure. Of note, none 
of the five had skin signs of livedo, and the diagnosis of atheroem-
bolism would have been missed on examination.31

Atheroembolism to the kidneys is underrecognized as a cause 
of acute and chronic renal disease. In one review of 259 patients 
who underwent renal biopsy for acute renal failure, cholesterol 
emboli were found in 6.9% of cases. Of note, 15 of 18 of these 
patients were clinically unsuspected to have atheroembolism as 
a cause of renal failure. Another study found 7.5% of patients with 
acute renal failure had documented atheroembolism on renal 
biopsy.70

In one review, Mayo and Swartz estimated that 4% of all inpa-
tient nephrology consults were due to atheroembolism.64 This 
may be a conservative estimate because older patients with mul-
tiple risk factors accounted for a higher proportion of  in-hospital  
nephrology  consults. Of those consults seen with acute renal 
failure, 5% to 10% were felt to be due to atheroembolic renal 
disease.64

Atheromatous emboli and cholesterol crystals tend to lodge  
in arcuate and interlobar arteries which are 150 to 200 microns in 
diameter.8,65 Cholesterol crystal emboli not only cause mechani-
cal vessel obstruction but also set up an endothelial inflammatory 
reaction that some have labeled microcrystalline angiitis.8 This is 
characterized by polymorphonuclear leukocyte and eosinophil 
infiltration around the vessel, and subsequently mononuclear cells 
with giant cell formation in the perivascular tissues. Endothelial 
distortion, intimal proliferation, perivascular fibrosis, and some-
times extraluminalization of crystals can be seen.67 With throm-
bus formation, there is further microvascular occlusion of renal 
vessels. Over 2 to 4 weeks, there is a progressive gradual decline in 
renal function following an acute atheroembolic episode. Renal 
infarction or necrosis is rare because the process is patchy and 
does not obstruct the larger feeding arteries to the kidney.

Atheroembolic renal disease presents as acute or subacute renal 
dysfunction in older patients, rarely younger than age 50, usually 
affecting those with preexisting renal insufficiency.5,35,65,71 Patients 
with atheroembolism have multiple risk factors including  smoking, 
diabetes, hypertension, and hyperlipidemia. A review of 52 cases of 
atheroembolic renal failure at the Massachusetts General Hospital 
from 1981 to 1990 found these patients were more likely to have 
significant hypertension and coronary and peripheral artery dis-
ease (PAD).72

The clinical course may be variable. In contrast-induced 
nephropathy, renal failure occurs immediately after dye infusion, 
with a peak in Cr within several days and resolving in less than 
2 weeks.8 Unlike contrast-induced nephropathy, atheroembolic 
renal failure may slowly worsen over a period of weeks to months, 
likely because of recurrent spontaneous showers of emboli. The 
kidney responds to ischemic damage with inflammatory changes 
that lead to glomerular sclerosis, tubular atrophy, and interstitial 
fibrosis.38,65 Sometimes, features of focal segmental  necrotizing glo-
merulonephritis and crescentic glomerulonephritis are seen in 
renal biopsy specimens.65,66,73

Atheroembolism to kidneys may be subclinical. Subacute pre-
sentation is more common with progressive renal failure over 
 several weeks. In one report, the average time interval between 
an angiographic procedure and diagnosis of atheroembolic renal  
disease was 5 weeks.35 Renal function declined over 3 to 8 weeks.72

A chronic form of renal failure may be mild and can be clin-
ically silent. Atheroembolism may present acutely, with onset 
within 1 week, or be subacute with delayed onset of renal impair-
ment 2 to 6 weeks after an inciting procedure. A step-and-plateau 
drop in renal function has been described, perhaps owing to inter-
mittent recurrent showers of cholesterol crystals over a period of 
time. One to two thirds of patients with atheroembolic renal dis-
ease will need dialysis. Lye et al. reviewed the English literature in 
1993, noting that 40% of patients required dialysis.6 Only 20% to 
30% will recover sufficient renal function to stop dialysis.6,8,74

Clinical features are often absent but may include flank pain and 
gross hematuria due to renal infarction. Abdominal pain,  nausea, 
vomiting, and blood loss can result from embolization to the 
 gastrointestinal tract. In approximately half of these patients, there 
may be livedo reticularis or purple toe discoloration due to choles-
terol embolization to the skin. Fever, malaise, and weight loss may 
be accompanying systemic symptoms.65

Severe or resistant hypertension has been noted in up to half 
of patients with atheroembolic renal disease.6,15 Hypertension may 
result from activation of renin angiotensin system, or be  volume 
mediated secondary to inability of the kidney to excrete excess 
fluid. Malignant hypertension can occur with atheromatous 
 embolization to the kidneys.75

LABORATORY TESTING

Laboratory testing generally shows nonspecific findings. Although 
elevated creatinine, proteinuria, and eosinophilia have been 
reported in up to 80% of patients in the acute stage, these findings 
are inconsistently found.15,76 Anemia, leukocytosis,  thrombocytopenia, 

Contrast-Induced Nephropathy
ATN: rapid rise in Cr, peaks in 3 days and back to baseline in 2 weeks

Ischemic Renal Failure
Renal artery stenosis, often severe hypertension

Small-Vessel Vasculitis
Active urine sediment, autoimmune markers (ANA or ANCA)

Drug-Induced Interstitial Nephritis
Drug fever, rash, eosinophilia

Thrombotic Thrombocytopenic Purpura
smear for schistocytes

Bacterial Endocarditis
TEE

Box 47-2  Differential Diagnosis of Renal Failure 
After Procedure

ANA, antinuclear antibody; ANCA, antineutrophil cytoplasmic autoantibody;  
ATN, acute tubular necrosis; Cr, creatinine; TEE, transesophageal echocardiogram.
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and elevated inflammatory markers including sedimentation rate 
and C-reactive protein (CRP) are occasionally noted.1

The finding of eosinophils in the urine has been considered 
to be a very important diagnostic feature of renal atheroembo-
lism. In a report by Wilson et al., urine eosinophils were found in 
8 of 24 patients who had biopsy-proven atheroembolic disease. 
Six of the eight patients had more than 5% of urinary white cells 
as eosinophils.77 Hansel's stain may increase the identification of 
urinary eosinophils. Urinary eosinophils, however, can be seen 
in other kidney disorders such as acute interstitial nephritis and 
other allergic  disorders. Urinalysis may show hyaline or granular 
casts. Proteinuria may be present but is rarely severe enough to 
cause nephrotic syndrome.78 Urine sediment is usually inactive 
and unremarkable.78,79

Blood tests may show eosinophilia ranging from 14% to 80%, but 
again this is not a consistent finding.8,72 Eosinophilia is thought to 
be due to inflammatory changes in the kidney with immune acti-
vation. Kasinath et al. reviewed the literature and observed that 29 
of 36 reports noted eosinophilia in association with renal athero-
embolism. In this patient series, they found eosinophil counts 
ranging from 540 to 2000 cells/mm3.76 Modi and Rao found that 
60% of patients had eosinophilia,65 and Lye et al. reported an inci-
dence of 71%.6 Eosinophilia may be transient and seen only in the 
acute phase. Despite not always being present, if the eosinophil 
count is greater than 500 cells per μL, many clinicians feel this is 
a contributing finding, helpful in establishing a possible diagnosis 
of atheroembolism.7

The definitive diagnosis of atheroembolic kidney disease is 
 confirmed histologically by the demonstration of cholesterol crys-
tals in arcuate and interlobular arteries of the kidney. The sensitiv-
ity of a single renal biopsy may be only 75% owing to the patchy 
distribution of atheroembolism; however, with two biopsies, 94% 
are positive.65

Renal biopsies are not done in every patient with renal insuf-
ficiency, but a high degree of suspicion of atheroembolism in 
the appropriate setting (e.g., after an invasive vascular proce-
dure) is necessary to make the correct diagnosis. It is important 
to be aware of many potential causes of renal failure in vascular 
patients, including contrast nephropathy, volume depletion from 
diuretics, renal artery or vein thrombosis, renal artery stenosis, 
nephrotoxic agents (e.g., antiinflammatory agents, angiotensin 
inhibitors), drug-induced interstitial nephritis, and glomerulone-
phritis. Atheroembolic renal disease can also mimic vasculitis. In 
many cases, renal failure after an angiographic procedure is incor-
rectly attributed to contrast-induced acute tubular necrosis. Clinical 
differentiation between the two is important.

PROGNOSIS AND TREATMENT

The prognosis for atheroembolic renal disease is generally poor.1 
Some 30% to 40% of patients with recurrent atheroembolic events 
have irreversible end-stage kidney failure requiring long-term 
hemodialysis.6,80,81 Dialysis dependency is also an indicator of poor 
prognosis. In one study, those who progressed to end-stage renal 
failure had a mortality rate of 75%, compared to 17% in those who 
recovered renal function.35 Scolari et al. reported poor outcomes 
for 354 subjects followed for 2 years, of whom 116 required dialysis 
and 102 died. These patients were elderly with advanced cardiovas-
cular disease and comorbidities including heart failure and renal 
disease.7,82 Another series also reported an overall mortality rate 
of 58% over 15 months. Most of these patients died of cardiac fail-
ure.1 The overall outcome and prognosis is influenced by severity 
of  atheroembolism and presence of preexisting kidney and cardio-
vascular comorbidities.

Treatment of renal atheroembolism is preventive (to avoid further 
episodes of atheroembolism) and supportive.8 General measures 
include avoidance of nephrotoxic agents, including angiographic 
contrast and antiinflammatory drugs. Hypertension and congestive 
heart failure (CHF) should be managed with appropriate medica-
tions such as vasodilators and diuretics. Aggressive  management  

of hypertension may decrease proteinuria.79 Dialysis may be 
needed for uremia, volume excess, and electrolyte imbalances.

Belenfant et al. showed positive outcomes with aggressive sup-
portive care in 67 patients admitted to a renal intensive care unit 
(ICU) for management of acute renal failure in the setting of mul-
tisystem cholesterol embolization. Clinical features included pul-
monary edema, gastrointestinal ischemia, cutaneous ischemia, 
and retinal embolism. Treatment consisted of anticoagulation with-
drawal, avoidance of invasive procedures, management of CHF 
with angiotensin-converting enzyme (ACE) inhibitors, and loop 
diuretics. Ultrafiltration or hemodialysis was used when needed 
for renal support. Enteral or parenteral nutrition supplementation 
was provided when needed. Some patients were treated empiri-
cally with steroids. Improved outcomes in multiorgan cholesterol 
embolism were reported, although the in-hospital mortality rate 
was 16%. Of the 56 patients who survived initial hospitalization and 
were ultimately discharged, there was a 77% 1-year and 52% 4-year 
survival; 32% remained on maintenance hemodialysis for irrevers-
ible renal failure.80

Pharmacological treatment for renal atheroembolism is empiri-
cal because there are no prospective clinical trials, and no defini-
tive treatment has been established. Anecdotal reports suggest the 
use of steroids to reduce the inflammatory response associated 
with atheroembolism to the kidney.83,84 Cholesterol crystals act like 
foreign bodies setting up an inflammatory reaction with a cascade 
of systemic mediators of inflammation. Steroids reduce the inflam-
matory reaction and may have a favorable response.85,86 Belenfant 
et al. treated those with new cholesterol embolization, as well as 
those with declining clinical status, with corticosteroids and noted 
improved constitutional symptoms and nutrition.80 Scolari et al. 
found the risk of dialysis and death was lower in those patients on 
steroids.7

In an anecdotal report, simvastatin (40 mg daily) was associated 
with improved renal function in some patients with renal biopsy–
documented atheroembolism.87 Corticosteroids and plasma 
exchange for treatment of atheroembolic renal disease has been 
tried for management.88 Treatment of cyanotic toes with lovastatin 
was noted in a case report of a man with diffuse atheromatous 
 disease and gangrenous toes.89

Prevention is the best management, in particular avoiding 
additional invasive angiographic procedures in high-risk patients 
with extensive atheromatous disease of the aorta. If procedures 
are  necessary, distal embolic protection devices may improve 
 outcomes for arterial interventions.90

Gastrointestinal Tract Atheroembolism
The gastrointestinal tract is one of the common sites for aortic 
atheroembolism and ranks as the third most frequently affected 
organ system after skin and renal involvement.63 Cholesterol embo-
lization should be in the differential diagnosis of all patients with 
atherosclerosis presenting with gastrointestinal symptoms after a 
vascular interventional procedure. Symptoms may be nonspecific 
and difficult to diagnose but include abdominal pain, fever, and 
diarrhea. Gastrointestinal bleeding due to mucosal infarcts and 
ulceration caused by bowel ischemia may occur.57,91,92 In severe 
cases, intestinal infarction may require urgent surgery for necrotic 
bowel or bowel perforation. The colon is most commonly involved. 
Multiple emboli over time may result in stricture formation, bowel 
obstruction, or polypoid lesions.93–95 Rarely, atheroembolism to the 
gut can mimic colon cancer.96 Sometimes symptoms may be misdi-
agnosed for months until a catastrophic event such as small-bowel 
perforation with peritonitis or bleeding occurs.97 The liver, gallblad-
der, and pancreas are also uncommon sites for atheroembolism, 
but there are case reports of acute pancreatitis and acute acal-
culous cholecystitis from aortic atheroembolism.98–103 Cholesterol 
embolization has been reported after protracted vomiting.104 The 
stomach is rarely involved. An endoscopic biopsy should include 
submucosa to detect cholesterol clefts in small arterioles.91 Most 
patients with atheroembolism to the gastrointestinal tract have 
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advanced atherosclerosis, and atheroembolism affects multiple 
organs.92 When atheroembolism involves the gastrointestinal 
tract, cholesterol embolization can also be seen as livedo reticu-
laris or associated blue toe syndrome.97 At least half of these cases 
are  precipitated by an angiographic procedure and have a high 
 mortality rate.91

Lower Extremities and Blue Toe Syndrome
In 1961, Feder and Auerbach described six patients who presented 
with painful purple toes and noted findings of dark-tinged dis-
coloration of the plantar surfaces and sides of the first and sec-
ond toes bilaterally. He noted the toes were painful and tender 
to touch, and that the blue discoloration of the skin blanched 
with local pressure, which he felt differentiated this entity from 
localized hematoma or purpura. These patients were older, with 
ages ranging from 53 to 69, and had atherosclerotic cardiovascu-
lar diseases including diabetes, stroke, or congestive heart failure. 
Most of these patients had intact peripheral pulses.42 Feder and 
Auerbach associated these skin changes with initiation of warfa-
rin anticoagulation but recognized these features were not due to 
warfarin-induced skin necrosis.

Fifteen years later in 1976, Karmody et al. established the term 
blue toe syndrome, recognizing that the sudden onset of pain and 
 cyanosis was the result of a microembolic event to the digital arter-
ies. Angiography in a number of these patients localized the source 
of embolism to the femoral, popliteal, or aortoiliac arteries.9

The typical patient with blue toe syndrome presents with  sudden 
onset of painful cyanotic skin lesions that may involve one or many 
toes. Cyanosis results from decreased arterial inflow along with 
impaired venous outflow, leading to stasis of desaturated blood. 
Initially, the cyanosis blanches with pressure, but with worsening 
ischemia and tissue damage, the blue discoloration may become 
nonblanchable. The affected toe is dark blue in color, painful due 
to ischemia, and exquisitely tender to touch. Digital ischemia can 
progress to cause skin necrosis, ulceration, and black gangrene. 
Livedo reticularis of the foot may also be present involving the 
base of the affected toe, forefoot, plantar surface, or heel (Figs. 47-9 
through 47-13). Myalgias due to muscle atheroembolism may occur, 
with clinical features of local muscle tenderness,  sometimes with 
actual myonecrosis.105

Clinical examination should be the initial step to determine 
the source of atheroembolism. In 78% of patients, peripheral 
pulses including pedal pulses are intact.1 Although distal pulses 
are palpable in the classic case of blue toe syndrome, occlusive 
arterial disease is present in up to half of patients, based on ankle- 
brachial indices (ABIs) less than 0.9.106 Careful pulse examination 
with auscultation for bruits may suggest proximal arterial disease. 
A widened expansile common femoral or popliteal pulse may 

FIGURE 47-9 Blue toe syndrome with infarction of fifth toe.

FIGURE 47-10 Atheroembolic mottling of the big toe.

FIGURE 47-11 Severe episode of atheroembolism to forefoot.
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suggest an aneurysm. Palpation of the abdomen may reveal an 
 aortic  aneurysm. The location of livedo, such as the foot, thigh, or 
 abdomen, suggests a more proximal site.

Lower-extremity atheromatous emboli can originate from focal 
or diffuse atherosclerosis, from stenotic or aneurysmal disease, 
and from disease above or below the inguinal ligament.106 If both 
lower extremities are involved, this suggests the origin of the athero-
embolism is proximal to the aortic bifurcation. In unilateral blue 
toe syndrome, the culprit site is likely at or distal to the iliac artery. 
Common sites of atherosclerosis are the common or external iliac 
artery (EIA), the superficial femoral artery (SFA) at the adductor hia-
tus (due to stenotic disease), and the popliteal artery (arising from 
a local aneurysm). The aortoiliac segment is the most common ori-
gin for atheroembolism, accounting for two thirds of cases.106–109 One 
third of cases are found to arise from the femoropopliteal arteries.106

When no embolic source is readily identifiable, imaging of the 
thoracic aorta is important and may reveal a coral reef (see later 
discussion) or mobile plaque as the source of distal atheroemboli. 
Sometimes a solitary embolic source cannot be isolated, owing 
to the diffuse nature of atherosclerosis. For example, in one study, 
arteriograms showed diffuse disease at both aortoiliac and femoro-
popliteal levels in 40% of patients, making it difficult to discern the 
likely source of atheroembolism.

Only a few years ago, angiography was the gold standard to 
search for a culprit lesion, but now with advances in noninvasive 
imaging, computed tomographic angiography (CTA), magnetic 
resonance angiography (MRA), duplex ultrasound, and TEE are all 
first-line well-established methods to image the aorta.110,111

Blue toes due to atheroembolism should be differentiated from 
other skin and systemic disorders (Fig. 47-14). Blue toes can also 
be caused by benign cold-induced reversible vasospasm, similar 
to Raynaud's phenomenon of the fingers. Other vascular diseases 
that can present with a blue toe include pernio, thromboangiitis 
obliterans (TAO) (Buerger's disease), and digital artery thrombo-
sis. Paraproteinemia (e.g., myeloma) or myeloproliferative disor-
ders (e.g., polycythemia vera, essential thrombocytosis) may cause 
small-vessel thrombosis. Cryofibrinogenemia results from com-
plexes of fibrinogen, fibrin, and proteins that precipitate with cold. 
Secondary forms are associated with cancers, rheumatological dis-
eases, and infections. Cryoglobulinemia results from immunoglob-
ulins (Igs) that precipitate in the cold. There are three types: type 1 
cryoglobulinemia occurs in association with lymphoproliferative 
disease (e.g., chronic lymphocytic lymphoma); types 2 and 3 may 
be associated with viral hepatitis infections. Hirschmann and Raugi 
defines the blue toe syndrome as a “blue or violaceous discolor-
ation of one or more toes in the absence of trauma (fracture or 
strain), cold-induced injury (pernio or frostbite), or disorders that 
produce systemic cyanosis (methemoglobinemia or hypoxia)”.60

The short- and long-term outcome after an atheroembolic epi-
sode is variable depending on the extent of atheroembolism 
and resulting tissue damage. For many patients, the prognosis for 
atheroembolism is poor, sometimes requiring limb amputation. 
Improvement may occur but may take several weeks for pain to 
slowly subside, and longer for skin color changes to improve. In 
more severe cases, the affected toe(s) may progress to necrosis 
with black gangrene. If carefully managed, the gangrene may stay 
dry and demarcate from healthy tissue, allowing future autoampu-
tation of the distal or entire toe. Wet gangrene may lead to infection 
and may require surgical amputation. A toe amputation may heal 
satisfactorily at a demarcation line if large-vessel arterial perfusion 
is intact.

Although some individuals recover after a single episode of 
atheroembolism, a recurrent episode can cause further irrepa-
rable damage resulting in extensive tissue damage and necro-
sis. Spontaneous embolic episodes tend to be recurrent. With 
very extensive atheroembolism, skin necrosis may occur, affect-
ing much of the foot; this has been referred to as trash foot19 
(Fig. 47-15). This is potentially limb threatening and is associated 

FIGURE 47-12 Plantar surface of same patient as in Figure 47-11, 
showing purple toes and severe atheroembolism to forefoot.

FIGURE 47-13 Livedo reticularis from atheroembolism involving 
lateral aspect of foot and heel.

FIGURE 47-14 Blue toes from unknown cause.
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with a high  mortality rate, owing to coexistent multisystem  disease. 
In one study where trash foot occurred in 19 of 29 patients (7 
bilateral) following abdominal aorta or lower-extremity revascu-
larization, 8 patients underwent major amputations, and 5 minor 
amputations.19 The risk of major amputation after extensive athe-
roembolism varies from 10% to 27% depending on the reported 
series.9,106,112 Mortality is also significant in multisystem atheroem-
bolism, as in one recent study where 31% of patients died during a 
follow-up period of 15 months.113

OPERATIVE MANAGEMENT

Once lower-extremity atheroembolism occurs, management prin-
ciples are to prevent recurrent embolic episodes and provide local 
care for the affected extremity. General treatment measures are 
 discussed later under the section on treatment.

Surgical or endovascular intervention has been advocated 
because of the high likelihood of recurrent atheroembolic events 
leading to worsening irreversible tissue ischemia with risk of limb 
amputation.9,112 Embolic recurrence may be as high as 50% to 
80%, with a 40% to 60% risk of tissue loss.106,107 The goal of surgical 
intervention is to remove or exclude the source of embolization 
and prevent recurrent episodes leading to organ and extremity 
loss. Treatment choice is determined by location and severity of  
disease. The optimal surgical intervention depends on the indi-
vidual patient. Arterial bypass, endarterectomy, and angioplasty 
with stent placement have been reported to be effective in 
selected patients by preventing recurrent embolization.107,114

A retrospective study at Washington University Medical Center 
found 62 patients with renal or cutaneous manifestations of athero-
embolism. Angiography was done in almost all patients. The aorta 
and iliac arteries (80%) were felt to be the most common source 
of atheroembolism, followed by femoral (13%), popliteal (3%), 
and subclavian (3%) arteries.108 Bypass grafting procedures were 
 performed on 42 patients to exclude the native diseased artery. 
Other patients underwent a combination of endarterectomy and 
bypass grafts. Limb salvage was accomplished in 98%, although 
31% had minor amputations. No further episodes of atheroembo-
lism occurred over a mean follow-up period of 20 months.108

Keen et al. reviewed his experience of surgical management of 
atheroembolism in 100 patients with lower-extremity, visceral, and 
upper-extremity atheroembolism who were followed for 12 years.109 
Aortoiliac occlusive disease was present in 47 patients, and aor-
tic aneurysm was present in 20 patients (average size, 3.5 cm). 
Operations to exclude the embolic source included aortic bypass 
or aortoiliac endarterectomy, femoral and popliteal endarterec-
tomy, or bypass graft. Several patients underwent extra-anatomical 
reconstruction.109 Despite surgery, 6 of 97 had recurrent events, 
and 9 required major leg amputations with 10 toe amputations.

Friedman and Krishnasastry reviewed a small group of high-
risk surgical patients presenting with rest pain, ulceration, or 

gangrene due to  atheroemboli to both lower extremities. These 
patients, who were not candidates for direct aortic reconstruction 
because of pre existing medical comorbidities, underwent ligation 
of the EIA with axillary-bifemoral bypass. Initial limb salvage was 
accomplished in all, with no limb loss over the next 52 months.115 
Kaufman et al. also reported a small group of high-risk patients in 
whom limb salvage and healing of foot ulcers was accomplished 
in the majority with an axillobifemoral bypass with exclusion of 
the external iliacs.116

Hollier et al. reviewed 88 patients with shaggy aorta syndrome 
who suffered atheromatous embolization (Fig. 47-16). Surgical 
 correction was performed in 27 patients, including endarter-
ectomy, external iliac ligation, and graft replacement. The best 
outcome (lowest morbidity and mortality) for those with lower-
extremity atheroembolism was with ligation of the distal EIA and 
extra-anatomical bypass.117 The author noted that surgery was 
not always successful in preventing visceral infarction or renal 
failure.117

Primary angioplasty for iliac or superficial femoral lesions 
can also be successful for focal high-grade stenotic lesions of 
the iliac or superficial femoral artery.114,118 Although there may 
be concern of provoking further embolization, some stud-
ies show good results. In one series of 10 patients treated with 
primary angioplasty, none had embolization at the time of the 
procedure, and 8 of the 10 had no recurrent atheroembolic epi-
sodes. The patients in this series were more likely to have single 
focal high-grade stenotic lesions of an iliac or SFA amenable 
to angioplasty, as opposed to more diffuse proximal atheroscle-
rotic plaque.112,114

A self-expanding stent has been used to treat atheroembolism 
arising from an isolated segment of the iliac artery.107 For more 
complex plaques, a covered stent has been successfully deployed 
and offers the advantage of excluding the diseased segment by 
trapping the atheroma and thrombus under the covered stent.107,119 
In one case report of three patients with iliac artery disease treated 
with a self-expanding stent covered with Dacron, no recurrences 

FIGURE 47-15 Postangiographic atheroembolism to foot, resulting in 
critical irreversible foot ischemia requiring below-knee amputation.

FIGURE 47-16 Aortogram demonstrating diffuse atheromatous 
disease, so-called shaggy aorta, with high atheroembolic potential.
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of microembolism were noted after 16 months, and the toe lesions 
healed.107

Aortic stent grafting is now commonly used in the manage-
ment of abdominal aortic aneurysms. In a retrospective study of 
19 patients with symptomatic lower-extremity atheroembolism 
presenting with ischemic ulcers or toe gangrene and an abdomi-
nal aneurysm, an aortic stent graft was deployed to exclude an 
abdominal aortic aneurysm. At 1-year follow-up, eight of nine 
patients had resolution of ischemic toe symptoms.113 The authors 
note that although stent graft repair of AAA may prevent future 
embolization, it is important to not miss coexisting thoracic aortic 
disease.

Arterial filters have also been employed in the superficial 
 femoral artery, carotid, renal, and many other vessels. As filter devel-
opment continues to advance, this may become an adjunctive 
 procedure in the future.120

Upper-Extremity Atheroembolism
In the upper extremity, atheroembolism is said to be uncom-
mon.108 Atherosclerosis may involve the aortic arch and branch 
vessels. Two sites in particular are important. The subclavian 
artery is a common site for atherosclerosis. Unequal upper-
extremity blood pressures should raise suspicion of disease at 
or proximal to the subclavian artery level. Most individuals with 
subclavian atherosclerotic disease are asymptomatic, but this 
can be a source of  atheroembolism to the arm and the fingers 
(Fig. 47-17). Thoracic outlet syndrome causes extrinsic compres-
sion of the subclavian artery as it passes under the clavicle and 
over the first rib. This is a site for aneurysm formation and sub-
sequent atheroembolism to the hand and fingers. Finally, at the 
wrist level, repetitive pounding injury to the hypothenar side of 
the palm, as occurs in carpenters and car mechanics, can result 
in ulnar artery aneurysm with  atheroembolism to the hand and 
fingers.

Coral Reef Plaque
A coral reef plaque is an exophytic calcified discrete mass that is 
prone to distal embolization.121 These are more commonly located 
in the posterior wall of the suprarenal aorta.122 Although unusual, 
they occur in patients with generalized atherosclerosis. They can 
be treated by surgical thromboendarterectomy or bypass.123,124 
Endovascular stent placement has also been successful in patients 
symptomatic with claudication from aortic lumen compromise by 
a coral reef.125

Ascending Aorta/Arch Atheroma and Stroke
Sixty years ago, cerebral vasospasm was speculated to cause 
stroke. Today, carotid artery disease and atrial fibrillation are known 
to be major causes of nonhemorrhagic stroke. With the advent 
of TEE, aortic arch plaque has been identified as an important 
potential source of cerebral embolic stroke.126,127 Case-controlled 
prospective studies have shown a clear association between ath-
erosclerotic disease of the ascending aorta/aortic arch and risk of 
ischemic stroke.128 Autopsy studies found ulcerated plaque in the 
aortic arch to be present in 26% of 239 patients with cerebrovas-
cular disease (both stroke and brain hemorrhage) but only 5% of 
patients with another neurological diagnosis.128,129 Another large 
study using TEE to detect aortic atheroma compared 215 consec-
utive patients with first stroke or TIA to 202 control subjects and 
confirmed that  atheroma in the ascending aorta and arch are a 
significant risk  factor for stroke.130

Characterization of aortic plaque morphology (hypoechoic 
plaque, ulceration, calcification, sessile or mobile thrombus) is 
important in prediction of stroke.131 In particular, the thickness 
of plaque in the ascending aorta and arch correlates with risk of 
stroke. When patients with acute stroke were compared to con-
secutive controls, 28% had plaques of 4 mm or more in thickness 
in those with unexplained stroke, compared to 8% of 172 patients 
who had a known or suspected cause of brain infarct.128 In the 
French Study of Aortic Plaques in Stroke, TEE was done to quan-
tify aortic arch atheromatous disease in 331 patients aged 60 or 
older admitted to hospital with an acute stroke. The incidence 
of recurrent brain infarction was 11.9% per 100 person-years in 
those with aortic plaque thickness greater than 4 mm, compared 
to 2.8% for those with minimal plaque (<1 mm). The presence 
of atherosclerotic arch plaque thickness of 4 mm or greater was 
found to be an independent predictor of recurrent brain infarc-
tion and cardiovascular events.132 Even moderate atheromatous 
disease (defined as intimal thickness of the ascending aorta and 
arch of > 2 mm) is a significant risk factor for stroke after cardiac 
surgery.133

Mobile Atheroma
Atheromatous plaque that is protruding and pedunculated has 
been correlated with an increased risk of stroke. The presence 
of mobile components, however, denotes the highest risk for  
stroke.109,132,134–141 In a study of 118 elderly patients studied with 
intraoperative TEE, 3 of 12 patients (25%) with a mobile aortic arch 
atheroma had suffered a perioperative stroke, compared to 2 of 
118 (2%) patients without a mobile atheroma.134 A mobile mass 
overlying an atheromatous plaque is likely adherent thrombus 
and therefore is more likely to respond to anticoagulation than 
the underlying plaque itself. Whether to use anticoagulation for 
mobile thrombus in the aorta, however, remains controversial.

Warfarin anticoagulation has been advocated for the manage-
ment of mobile aortic atheroma. A study by Dressler et al. docu-
mented effectiveness of warfarin in preventing recurrent embolic 
events in those with symptomatic thoracic aorta mobile atheroma 
compared to those not receiving anticoagulation.142 He reviewed 
31 patients with mobile aortic atheroma who presented with a  
systemic embolic event. At follow-up, those patients not receiv-
ing warfarin had a much higher incidence of vascular events 
(45% vs. 5%). Recurrent strokes occurred in 38% of patients. There 
were no strokes in those on warfarin.142 Of note, those with small 
mobile atheroma were not treated with warfarin, and recurrent 
strokes occurred in 37% of these patients.142

Warfarin was noted to be more effective than antiplatelet medi-
cations in another study of patients with severe ascending  aortic 
atheromatous disease.140 Further randomized controlled  trials 
would be needed to address anticoagulation vs. antiplatelet 
 therapy for this important issue.

In case examples, peripheral embolization from plaque-related 
mobile thrombus in the thoracic aorta has been successfully 

FIGURE 47-17 Cutaneous infarction of fifth finger due to athero-
embolism. Note subtle ischemic mottling of other fingers.
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treated with warfarin. In one case report, a 71-year-old man had 
 atheroembolism to the toes after vomiting. A large mobile mass 
in the descending thoracic aorta was identified by TEE. After 
3 months of warfarin anticoagulation, there was virtual resolution 
of the aortic mass, suggesting it was thrombus covering atheroma-
tous plaque. The toe pain and discoloration from atheroembolism 
also resolved completely.104

Stroke due to atheroembolism can occur during carotid sur-
gery. Microemboli occurs during carotid endarterectomy and 
can be detected by TCD ultrasound. Ackerstaff et al. found a 
positive correlation with the occurrence of microembolism dur-
ing carotid endarterectomy and perioperative TIA and stroke. 
Magnetic resonance imaging also documented new ischemic 
brain lesions in these patients.143

Carotid sinus massage may reproduce syncope in patients with 
carotid sinus hypersensitivity but also cause inadvertent atheroem-
bolic stroke in patients with carotid atherosclerosis.144

Embolic stroke should be suspected in the proper clinical  
setting. In young patients with unexplained embolism, TEE has 
identified unsuspected mobile aortic arch thrombus on athero-
sclerotic plaque.127 Brain imaging characteristically shows multiple 
small ischemic lesions. Brain pathology has also documented mul-
tiple cholesterol emboli.145 Lacunar infarcts are generally thought 
to be due to small brain infarcts from hypertension. It is possible 
some lacunar infarcts may be due to cholesterol emboli.146

General Treatment Measures  
for Atheroembolic Disease
Preventive
It has been said many times that the best treatment for many 
diseases is prevention.147 Angiography is the most common iat-
rogenic cause of atheroembolism, responsible for up to 80% of 
cases, so safer angiographic techniques and newer technologies 
may decrease the incidence of catheter-induced atheroembo-
lism.8 For example a “no touch technique” has been advocated to 
reduce potential for intimal disruption during renal artery stent-
ing. A second guide is placed within the guide catheter to min-
imize contact between the guide catheter and aorta.148 Arterial 
filters have also been successfully employed in the superficial 
artery.120 Distal protection devices are available for renal and cere-
bral angioplasty.149–151 Cerebral  protection devices may reduce 
stroke during carotid artery stenting, but device-related complica-
tions can occur.147,152

Reduction of atherosclerotic burden and plaque stabilization 
has been a major focus for preventing coronary events and should 
also be a focus for preventing atheroembolism. Reducing lipid 
content in the plaque core, decreasing inflammation and inflam-
matory cells, and reducing vasa vasorum neovascularization are 
future strategies.

Control of lifestyle-related risk factors includes cessation of 
cigarette smoking and avoidance of all tobacco products, avoid-
ing obesity, adult-onset diabetes, and elevated triglycerides, with 
recognition and management of the metabolic syndrome and 
decreasing salt in the diet. Avoiding physical inactivity by pursu-
ing an aerobic exercise program is an important step to preventing 
 progression of atheromatous disease and therefore lessening the 
risk of atheroembolism.153

Pharmacological therapy consists of statin medications, anti-
platelet agents, ACE inhibitors, often in combination, as well as 
medications to control hyperglycemia and hypertension.

HMG-CoA reductase inhibitors, or statins, are well-established 
medications for lowering cholesterol and reducing cardiovascu-
lar mortality. Statin medications likely have multiple effects that 
include antiinflammatory properties, improvement in endothe-
lial function, and reducing blood thrombogenicity. They may 
also have immunomodulatory effects, decreasing recruitment of 
monocytes and T cells into the arterial wall and stabilizing arterial 
plaque, thus decreasing the risk of plaque rupture.154

Many large trials have confirmed the benefits of statin agents 
in secondary prevention of cardiovascular events.153,155 Slowing 
atherosclerosis progression is a laudable goal. Recently, regression 
of atheroma volume (of almost 7%) has been documented in the 
ASTEROID trial, which achieved an average low-density  lipoprotein 
(LDL) decline from 130.4 to 60.8 mg/dL and increase in high-den-
sity lipoprotein (HDL) by 14.7%.156 Cholesterol education program 
guidelines for lipid management suggest an initial treatment goal 
of LDL less than 100 mg/dL, except in those at highest risk with 
established atheromatous disease, who should have an LDL goal 
of less than 70 mg/dL.153

There are no large randomized trials of statin medications in 
atheroembolism, but there are a number of observational case 
reports. Tunick et al. looked at the rate of cholesterol embolism in 
519 patients with complex aortic plaque seen during TEE in a retro-
spective study in which atheroembolism occurred in 21%. Although 
treatment was not randomized, multivariate analysis showed a ben-
efit of statin medication, with absolute risk reduction of 17%. No 
protective effect was found for warfarin or antiplatelet drugs.157

Antiplatelet agents prevent platelet activation and thrombosis. 
Commonly used oral antiplatelet agents include aspirin (75-365 mg/
day), dipyridamole plus aspirin, and clopidogrel 75 mg daily. Many 
clinical trials have documented the effectiveness of combined 
antiplatelet therapy in coronary disease. Aspirin blocks the enzyme 
cyclooxygenase (COX)-1 to prevent synthesis of thromboxane A2 
(TxA2), thus inhibiting platelet aggregation. Thienopyridines act  
by blocking adenosine diphosphate (ADP)-mediated platelet aggre-
gation via the glycoprotein (GP)-IIb/IIIa receptor. Dipyridamole is a 
phosphodiesterase (PDE) inhibitor that reduces the breakdown of 
cyclic adenosine and guanine monophosphate (cAMP and cGMP) 
and increases activity of prostacyclin(PGI

2), which inhibits platelet 
aggregation.158 It is not known whether antiplatelet agents prevent 
 recurrent atheroembolism.

Cilostazol has antiplatelet and vasodilatory effects. One small 
study of five patients reported healing of distal limb ulcers and 
improved large- and small-vessel perfusion, but there was no 
 control group and therefore no compelling evidence that ulcer 
healing was related to this drug.159 Iloprost therapy has been used 
for cholesterol emboli syndrome.160 Anecdotal treatment of blue 
toe syndrome has included nifedipine and pentoxifylline.161 With 
fixed microvascular disease, there is no clear benefit of vasodilator 
 therapy in the majority of patients with atheroembolism.

Although anticoagulation may be of benefit for mobile throm-
bus overlying atheromatous plaque, it is not routinely used in 
asymptomatic patients with nonmobile atheroma.162

Supportive
Organ failure has to be treated. Kidney disease has to be moni-
tored, with correction of electrolyte abnormalities, volume excess, 
and uremia. Renal replacement therapy with dialysis may be tem-
porary or permanent. Heart failure and hypertension should be 
managed with diuretics, renin-angiotensin-aldosterone system 
(RAAS) antagonists, β-blockers, and vasodilators. The HOPE trial 
showed benefit for ACE inhibitors in patients with vascular dis-
ease or diabetes, with reduced rates of stroke, myocardial infarc-
tion, and overall death.163 The efficacy of renin-angiotensin system 
inhibition in preventing recurrent athero embolism is not known.

Wound care may be needed for management of lower-extremity 
skin necrosis, using surgical wound débridement and application 
of topical agents and dressings. Limited amputation of toes or fore-
foot is necessary in some patients, and limb amputations may be 
necessary for patients with irreversible ischemia with gangrene. 
Antibiotics may be necessary for infection. A fluffy, soft vascular 
boot can protect the ischemic foot from trauma. Pneumatic arterial 
pumps can improve arterial perfusion in some patients.

Effective pain control is very important; ischemic pain can be 
severe and persist for weeks after lower-extremity atheroembo-
lism.164 The degree of pain from blue toe syndrome may seem to 
be out of proportion to the extent of tissue involvement but reflects 
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microvascular necrosis. Besides narcotic and neurotransmitter 
pharmaceutical agents, several other modalities have been used 
for pain associated with lower-extremity ischemia.

Lumbar sympathectomy was popular 50 years ago when surgical 
options for PAD were more limited. There has always been contro-
versy regarding actual benefit in patients with atherosclerotic dis-
ease.165–168 Lumbar sympathectomy historically has been done for 
critical leg ischemia with gangrene, ischemic ulcerations, and rest 
pain. A 60% improvement rate has been reported, although not all 
respond. In one retrospective review of 45 patients (50 limbs) with 
toe gangrene treated with lumbar sympathectomy, amputation 
rate remained high at 40%.169,170 More recently, some surgeons 
continue to advocate lumbar sympathectomy for selected patients 
in situations of threatened tissue loss.162 The hope is that this may 
improve collateral blood flow and open arteriovenous connec-
tions by relieving smooth muscle constriction.162 Some studies do 
show improved tissue perfusion and enhanced healing in addition 
to surgical reconstruction.

Today, a lumbar sympathetic block may be done by local injec-
tion, with the goal of improving skin warmth and pain. A spinal 
cord stimulator has been of benefit in a few selected patients.164

Other treatment options may include hyperbaric oxygen or 
pneumatic leg compression to improve distal perfusion in selected 
cases of extremity atheroembolism.171

Conclusions
Atheroembolism is a rare but serious disorder that can occur spon-
taneously or be a complication of invasive cardiac and vascular 
procedures. Angiography is the most common iatrogenic cause, 
responsible for up to 80% of cases.8 Be aware that atheroembolic 
skin changes may mimic other disorders.

A presumptive diagnosis is often based on clinical features. The 
diagnosis requires a high index of suspicion in an appropriate 
clinical setting, such as exposure to a precipitating factor, unex-
plained renal failure, and cutaneous signs of atheroembolization.2

A definitive diagnosis requires histological confirmation of cho-
lesterol crystals in a biopsy of muscle, skin, or affected organ. 
There is no single definitive laboratory test except biopsy of 
involved  tissue to confirm the diagnosis of atheroembolic disease.

It is important to determine the most likely embolic source. 
When atheroembolism involves the lower extremities, atheroscle-
rotic or aneurysmal disease of the aortoiliac segment accounts for 
two thirds of cases.107,108

Atheroembolism can be recurrent, and in those patients there is 
a 40% to 60% risk of tissue loss.106,107 The goal of surgical and endo-
vascular treatment is to exclude the embolic source and prevent 
recurrent episodes. A covered stent or extra-anatomical bypass 
may be an option in high-risk patients.

Management of mobile atheroma is controversial, but warfarin 
seems to be effective in preventing symptomatic thromboembo-
lism in some patients.142 Anticoagulation is not routine therapy in 
patients with diffuse atherosclerosis.

The best treatment of atheroembolism is prevention. Ultimately, 
prevention of atherosclerosis will prevent atheroembolism.
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In its simplest form, local syncope is a condition perfectly 
compatible with health. Persons who are attacked with it 
are ordinarily females. Under the least stimulus, sometimes 
without appreciable cause, one or many fingers become pale 
and cold all at once; in many cases, it is the same finger that 
is always first attacked; the others become dead successively 
and in the same order. It is the phenomenon known as “dead 
finger.” The attack is indolent, the duration varies from a 
few minutes to many hours. The determining cause is often 
the impression of cold; but that which is only commonly 
produced under the influence of the most severe cold, 
appears in the subjects of whom I speak on the occasion 
of the least lowering of temperatures; sometimes even a 
simple mental emotion is enough . . . the skin of the affected 
parts assumes a dead white or sometimes a yellow colour; 
it appears completely exsanguine. The cutaneous sensibility 
becomes blunted, then annihilated; the fingers become like 
foreign bodies to the subject . . . the slight importance of this 
local abolition of the circulation is probably due to the fact 
that it is so transient . . . the attack is followed by a period of 
reaction, which is often very painful, and which gives place 
to a sensation quite analogous to that of being numbed by 
cold . . . and in the more pronounced cases, which the patients 
compared to tingling from cold, or to the stinging of nettles…
Finally, a patch of deep red is formed on the extremities of 
the fingers. This patch gives place to the normal pink colour, 
and then the skin is found to have entirely returned to the 
primitive condition.

– Maurice Raynaud1

Episodic vasospastic ischemia of the digits was first described by 
Maurice Raynaud in the quotation above1 (Fig. 48-1). Raynaud's 
 phenomenon comprises sequential development of digital blanch-
ing, cyanosis, and rubor following cold exposure and subsequent 
rewarming2 (Fig. 48-2). Emotional stress also precipitates Raynaud's 
phenomenon. The color changes are usually well demarcated and 
primarily confined to fingers or toes. Blanching, or pallor, occurs 
during the ischemic phase of the phenomenon and is secondary 
to digital vasospasm. During ischemia, arterioles, capillaries, and 
venules dilate. Cyanosis results from the deoxygenated blood in 
these vessels. Cold, numbness, or paresthesias of the digits often 
accompany the phases of pallor and cyanosis. With rewarming, 
digital vasospasm resolves, and blood flow dramatically increases 
into the dilated arterioles and capillaries. This “reactive hyper-
emia” imparts a bright red color to the digits. In addition to rubor 
and warmth, patients often experience a throbbing sensation dur-
ing the hyperemic phase. Thereafter, the color of the digits grad-
ually returns to normal. Although the triphasic color response is 
typical of Raynaud's phenomenon, some patients may develop 
only pallor and cyanosis. Others may experience only cyanosis.

The classification of Raynaud's phenomenon is broadly 
 separated into two categories: (1) the idiopathic variety, termed 
primary Raynaud's phenomenon, and (2) the secondary variety, 

 associated with other disease states or known causes of vasospasm 
(Box 48-1). Secondary causes of Raynaud's phenomenon include 
 collagen  vascular diseases, arterial occlusive disease, thoracic out-
let  syndrome, several neurological disorders, blood dyscrasias, 
trauma, and  several drugs.

Overview of Primary Raynaud's 
Phenomenon
Primary Raynaud's phenomenon, or idiopathic episodic digital 
vasospasm, is the most common diagnosis of patients who present 
with Raynaud's phenomenon.2 The diagnosis is based on criteria 
originally established by Allen and Brown,3 including (1) inter-
mittent attacks of ischemic discoloration of the extremities, (2) 
absence of organic arterial occlusions, (3) bilateral  distribution, (4) 
trophic changes—when present, limited to the skin and never con-
sisting of gross gangrene, (5) absence of any symptoms or signs of 
 systemic disease that might account for the occurrence of Raynaud's 
 phenomenon, and (6) symptom duration for 2 years or longer. If a 
normal erythrocyte sedimentation rate (ESR), normal nailfold cap-
illary examination, and negative test for antinuclear antibodies 
(ANAs) are added to these criteria, the diagnosis is more secure.

Women are affected approximately five times more frequently 
than men. In one large study, the average age of onset of Raynaud's 
phenomenon was 31 years; 78% of the patients were younger than 40 
when symptoms began.4 Onset of symptoms in women may occur 
between menarche and menopause. Raynaud's  phenomenon is 
also known to occur in young children.5,6 Prevalence of  primary 
Raynaud's phenomenon varies with climate, with 4.6% of the 
 population affected in warm climates, compared with 17% in 
cooler climates.6 There is a significant familial aggregation of pri-
mary Raynaud's phenomenon. Approximately 26% of patients 
may know of one or more relatives who have the phenomenon, 
 suggesting a genetic predisposition.7

In the vast majority of patients, the fingers are the initial sites 
of involvement.2 At first, blanching or cyanosis may involve only 
one or two fingers (Fig. 48-3). Later, color changes may develop in 
additional fingers, and symptoms occur bilaterally. In about 40%  
of patients, Raynaud's phenomenon involves the toes as well as the 
fingers. Isolated Raynaud's phenomenon of the toes occurs in only 
1% to 2% of patients. Rarely, the ear lobes, tip of the nose, or tongue 
are affected.

Episodes of Raynaud's phenomenon are usually precipitated 
by exposure to a cool environment or by direct exposure of the 
extremities to low temperatures. Some patients may experience 
Raynaud's phenomenon during either cold exposure or emotional 
stress; infrequently, emotional stress may be the only precipitating 
factor. Duration, frequency, and severity of Raynaud's phenom-
enon increase during cold months.

Several studies have correlated Raynaud's phenomenon with 
migraine headaches and variant angina, suggesting a common 
mechanism for vasospasm.8–10 An association with vasospasm in the 
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kidney,11 retina,12 and pulmonary13 vessels has also been described. 
Further evidence is the report of a family with three generations of 
systemic arterial vasospastic disease involving Raynaud's phenom-
enon, variant angina, and migraine headaches.14 Differences in the 
responses of pharmacological intervention make the hypothesis 
of a common mechanism less appealing.15 Propranolol has been 
successfully used to prevent migraine headaches.16 In contrast, 
β-adrenoceptor blockers are not beneficial in variant angina and 
may cause Raynaud's phenomenon.17,18 Similarly, nitrates are used 
for variant angina but are not beneficial in Raynaud's phenom-
enon and often cause headaches. Ergot alkaloids are effective for 
treating migraine headaches but can cause coronary and digital 
vasospasm.19,20

Physical examination of patients with primary Raynaud's 
 phenomenon is often entirely normal. Sometimes the fingers and 
toes are cool and may perspire excessively. The pulse examination 
is normal; radial, ulnar, and pedal pulses should be  easily palpable. 
Trophic changes such as sclerodactyly (thickening and tightening 
of the digital subcutaneous tissue) have been reported in up to 
10% of patients, but these studies preceded nailfold  capillaroscopy 
and ANA tests. The physical examination is most important to 
exclude secondary causes of Raynaud's phenomenon.

Of all the forms of Raynaud's phenomenon, primary Raynaud's 
phenomenon has the most benign prognosis. In the group of 
patients identified by Gifford and Hines4 followed for a period of 
1 to 32 years (average 12 years), 16% reported worsening of their 
symptoms, and 38%, 36%, and 10%, respectively, reported no change, 
improvement, or disappearance of symptoms. Sclerodactyly or 
trophic changes of the digits occurred in approximately 3%  
of patients during follow-up, and less than 1% of patients lost part of 
a digit. In some patients, scleroderma may develop after Raynaud's 
 phenomenon has been present as the only symptom for more 
than 20 years. Wollersheim et al.21 reported that measuring  ANAs 
by immunofluorescence and immunoblotting in patients with 
Raynaud's phenomenon had a positive predictive value of 65% 

Phase 1
Ischemia

Phase 2
Cyanosis

Phase 3
Rubor

Capillaries

Blood flow to 
capillaries is
impeded, resulting
in digital ischemia

Vasospasm of artery
results in vascular
occlusion

Artery

Capillaries and
venules dilate in 
response to ischemia 
and are filled with 
deoxygenated blood

Vasospasm

Capillaries are 
still dilated, but 
are now carrying 
oxygenated blood

Relaxation of
vasospasm

Greatly increased 
blood flow

FIGURE 48-2 Raynaud's phenomenon may have three color phases: blanching, cyanosis, and rubor. (From Creager MA: Raynaud's phenomenon. Med Illus 
2:84, 1983.)

FIGURE 48-1 A patient with Raynaud's phenomenon. (From Raynaud 
M: Local asphyxia and symmetrical gangrene of the extremities, London, 1862, New 
Sydenham Society. Courtesy Boston Medical Library in the Francis A. Countway 
Library of Medicine.)
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and 71%, and a negative predictive value of 93% and 83%, respec-
tively, for development of a connective tissue disease.

Pathophysiology
The precise cause of Raynaud's phenomenon has not been clearly 
identified. It is quite likely that a variety of physiological and patho-
logical conditions may contribute to or cause digital vasospasm2 
(Box 48-2 and Fig. 48-4).

Normally, regulation of peripheral blood flow depends on sev-
eral factors that include intrinsic vascular tone, sympathetic ner-
vous system activity, hemorrheological properties such as blood 
viscosity, and various circulating hormonal substances. In contrast 
to other regional circulations that are supplied by both vasocon-
strictor and vasodilator sympathetic fibers, the cutaneous vessels 
of the hands and feet are innervated only by sympathetic adren-
ergic vasoconstrictor fibers. In these vascular beds, neurogenic 
vasodilation occurs by withdrawal of a sympathetic stimulus. 
Cooling evokes reflex sympathetic-mediated vasoconstriction in 
the hands and feet via neurons originating in cutaneous  receptors. 
Environmental cooling or cooling of specific body parts, such as 

the head, neck, or trunk, normally causes a reduction in digital 
blood flow. Local digital cooling also induces vasoconstriction, 
but digital vasoconstriction caused by local cooling is not medi-
ated by the sympathetic nervous system. Thus digital vasoconstric-
tion may be a physiological response to local cooling or to reflex 
activation of the sympathetic nervous system by environmental 
cold exposure or emotional stress.

Raynaud's phenomenon is not a normal physiological response 
but rather an episode of digital artery vasospasm causing cessa-
tion of blood flow to the digits. The term vasospasm must be distin-
guished from vasoconstriction. Vasoconstriction may be defined as 
the expected reduction in vessel lumen size as a result of endog-
enous neural, hormonal, or metabolic factors that cause smooth 
muscle contraction. Vasospasm implies an excessive vasoconstric-
tor response to stimuli that would normally cause modest smooth 
muscle contraction, but that instead has resulted in obliteration 
of the vascular lumen. Patency of the digital artery depends on a 

Collagen Vascular Diseases
systemic sclerosis (scleroderma)
systemic lupus erythematosus (sLE)
Rheumatoid arthritis
dermatomyositis and polymyositis
mixed connective tissue disease (mCTd)
sjögren's syndrome
necrotizing vasculitis

Arterial Occlusive Disease
Atherosclerosis of the extremities
Thromboangiitis obliterans (TAo) (Buerger's disease)
Thromboembolism

Neurological Disorders
Carpal tunnel syndrome
Reflex sympathetic dystrophy
stroke
Intervertebral disk disease
syringomyelia
Poliomyelitis

Thoracic Outlet Syndrome

Trauma
Exposure to vibrating tools (“vibration white finger”)
Electric shock injury

Thermal injury
Percussive injury
Hypothenar hammer syndrome

Drugs and Toxins
Ergot alkaloids
methysergide
Vinblastine
Bleomycin
Gemcitabine
β-Adrenoceptor antagonists
Vinyl chloride

Blood Dyscrasias
Hyperviscosity syndrome
Cold agglutinin disease
Cryoglobulinemia
Cryofibrinogenemia

Myeloproliferative Disease

Miscellaneous Causes
Hypothyroidism
Arteriovenous fistula (AVF)
Pulmonary hypertension

Box 48-1  Secondary Causes of Raynaud's Phenomenon

FIGURE 48-3 Raynaud's phenomenon presenting as blanching of one 
finger.

Box 48-2  Possible Pathophysiological Mechanisms 
of Raynaud's Phenomenon

Vasoconstrictive Stimuli
digital vascular hyperreactivity (“local fault”)
Increased sympathetic nervous system activity
β-Adrenoceptor blockade
Circulating vasoactive hormones
Angiotensin II (Ang II)
serotonin
Thromboxane
Endothelin-1 (ET-1)
Exogenous administration of vasoconstrictor agents
Ergot alkaloids
sympathomimetic drugs

Decreased Intravascular Pressure
Low systemic blood pressure
Arterial occlusive disorder (e.g., atherosclerosis, thromboangiitis obliterans 

[TAo])
digital arterial occlusions (e.g., scleroderma)
Hyperviscosity
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 favorable balance between the contractile forces of the muscular 
wall of the digital artery and its intraluminal pressure. Thus a situa-
tion in which there is excessive vasoconstrictive force or decreased 
intravascular pressure upsets this balance and results in vaso-
spasm. It is with these rather simple concepts that several theories 
have been proposed to explain the episodic digital vasospasm that 
defines Raynaud's phenomenon.

Increased Vasoconstrictive Stimuli
Several theories implicate excessive vasoconstrictive stimuli as a 
cause of Raynaud's phenomenon. Postulated causes include local 
vascular hyperreactivity, increased sympathetic nervous system activ-
ity, elevated levels of vasoconstrictor hormones (e.g., angiotensin II 
(Ang II), serotonin, thromboxane A2(TxA2)), and exogenously admin-
istered agents such as ergot alkaloids and sympathomimetic drugs.

Local Vascular Hyperreactivity
The observation that episodic digital vasospasm occurs during 
cold exposure has led several investigators to consider the pos-
sibility that Raynaud's phenomenon occurs as a result of a local 
vascular hyperreactivity. In 1929, Sir Thomas Lewis observed 
that following exposure of the finger to cold, vasospasm could 
be  produced even after nerve blockade or sympathectomy.22 
These experiments were repeated and confirmed 60 years later.23 
Therefore, the  vasospastic response of the Raynaud's phenomenon 
may occur in the absence of efferent digital nerves. The possibility 
of local vascular  hyperreactivity was examined by Jamieson et al.24 
They compared the magnitude of reflex vasoconstriction in each 
hand following application of ice to the neck while one hand was 
kept at 26 °C and the other at 36 °C.9 At 36 °C, the reflex vasocon-
strictor response was comparable in normal subjects and patients 
with  primary Raynaud's phenomenon. In the hand cooled to 26 °C, 
however, reflex vasoconstriction was exaggerated in patients with 
Raynaud's phenomenon. This response led these investigators to 
hypothesize that digital α1  adrenoceptors were sensitized by cold 
exposure.

A series of studies by Vanhoutte et al.25 have supported the 
hypothesis that cooling potentiates the vascular response to sym-
pathetic nerve activation. Vasoconstriction, in response to exoge-
nous norepinephrine, also is increased by cooling. Augmentation 
of adrenergic-mediated vasoconstriction by cooling occurs despite 
generalized depression of contractile machinery and diminished 
release of norepinephrine from sympathetic nerve endings in the 

vessel wall. The most likely hypothesis is that cold causes changes 
at the level of the adrenoceptor, such as an increase in the affin-
ity for norepinephrine or greater efficacy of the agonist/receptor 
complex. Vanhoutte et al.25 have reported that α2 adrenoceptors 
are more sensitive than α1 adrenoceptors to temperature change. 
Whereas cooling slightly depresses α1 adrenergic–mediated 
vasoconstriction, it markedly augments α2 adrenergic–mediated 
responses. Conversely, warming augments α1-adrenergic vasocon-
striction and depresses α2-adrenergic vasoconstriction.26

These experimental observations may have important implica-
tions regarding the pathophysiology of Raynaud's phenomenon. 
Flavahan et al.27 examined the distribution of α1 and α2 adreno-
ceptors in arterial tissue from amputated limbs of patients who 
did not have vascular disease. They reported that α2 adrenoceptors 
were more prominent in digital arteries. Chotani et al.28 found that 
human dermal arterioles selectively expressed α2C adrenoceptors. 
Jeyaraj et al.29 observed that cooling redistributed α2C adrenocep-
tors from the Golgi to the plasma membrane in human embryonic 
kidney cells. It is therefore an intriguing observation by Keenan 
and Porter that the density of α2 adrenoreceptors is increased in 
platelets from patients with Raynaud's disease.30

In support of these findings, Coffman and Cohen reported that 
α2 adrenoceptors were more important than α1 adrenoceptors in 
mediating sympathetic nerve–induced vasoconstriction in the 
fingers.31 They administered the α1-antagonist prazosin and the 
α2-antagonist yohimbine to patients with Raynaud's phenome-
non during reflex sympathetic vasoconstriction caused by body 
 cooling. Whereas prazosin caused no significant change in fin-
ger blood flow or finger vascular resistance, yohimbine signifi-
cantly increased finger blood flow and decreased finger vascular 
resistance. This study confirmed that postjunctional α2 adreno-
ceptors are present in human digits and strongly suggested that 
these  receptors contribute to digital vasoconstriction during 
 environmental cooling in patients with Raynaud's phenomenon.

Thereafter, Coffman and Cohen demonstrated that com-
pared to normal subjects, patients with Raynaud's phenomenon 
were hypersensitive to the vasoconstrictor effects of clonidine, 
an α2-adrenoceptor agonist, but not to phenylephrine, an α1-
adrenoceptor agonist.31 Cooke et al.32 found that both α1- and  
α2-adrenoceptor antagonists induced digital vasodilation in 
patients with acute Raynaud's phenomenon, yet did not inhibit dig-
ital  vasoconstriction caused by local digital cooling. Although still 
speculative, these studies suggest that episodic digital vasospasm 
may be secondary to a predominance of postjunctional α2 adreno-
ceptors in digits of patients with primary Raynaud's phenomenon.

FIGURE 48-4 Pathophysiology of digital 
vasospasm. Digital vasospasm may be due to 
vasoconstrictive stimuli, decreased intravascular 
pressure, or both. Mechanisms that contribute 
to exercise vasoconstriction include local 
vascular hypersensitivity to vasoactive stimuli 
(e.g., increased α-adrenoceptor sensitivity), 
sympathetic efferent activity, and local or 
circulating vasoactive hormones such as 
angiotensin II (Ang II), endothelin-1 (ET-1), 
serotonin, or thromboxane A

2
 (TxA 

2
). Low blood 

pressure, even in a healthy young person, may 
predispose to Raynaud's phenomenon when 
the person encounters vasoconstrictive stimuli. 
Pathological conditions that may decrease 
intravascular pressure include arterial occlusion 
in proximal arteries (e.g., atherosclerosis), 
digital vascular occlusion (e.g., scleroderma), or 
hyperviscosity. TAO, thromboangiitis obliterans.
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Increased Sympathetic Nervous System Activity
Although appealing as a potential mechanism for digital vaso-
spasm, the concept of exaggerated reflex sympathetic vasocon-
strictor responses to cold environment has not been convincingly 
demonstrated. Increased concentrations of epinephrine and nor-
epinephrine in peripheral venous blood at the wrist were found to 
be higher in patients with primary Raynaud's phenomenon than 
in normal subjects by one investigator,33 but others found nor-
mal local levels of norepinephrine in brachial arterial and venous 
blood samples.34 The latter group of investigators reported that 
the reflex vasoconstrictor response of the hand to a cold stimulus 
in affected patients is similar to that in a control group, and there 
were comparable vasoconstrictor responses to the intraarterial 
 infusion of tyramine, a drug that causes vasoconstriction by releas-
ing  norepinephrine from sympathetic nerve terminals. Central ther-
moregulatory control of skin temperature has also been reported 
to be comparable in normal individuals and patients with primary 
Raynaud's phenomenon.35 Finally, microelectrode recordings of 
skin sympathetic nerve activity do not demonstrate an abnormal-
ity in patients with primary Raynaud's phenomenon.36 There was 
no hypersensitivity of the vessels to strong sympathetic stimuli or 
abnormal increase in sympathetic outflow.

b-Adrenergic Blockade
Raynaud's phenomenon is observed frequently in individuals 
treated with β-adrenoceptor antagonists.37–39 It may be inferred 
from this observation that β-adrenergic vasodilation normally 
attenuates digital vasoconstrictor tone. Cohen and Coffman40 
examined the effect of isoproterenol and propranolol on fingertip 
blood flow after vasoconstriction had been induced by a brachial 
artery infusion of norepinephrine or angiotensin, or reflexly by 
environmental cooling. Intraarterial isoproterenol administration 
increased fingertip blood flow during infusions of norepinephrine 
and angiotensin, but not during reflex sympathetic vasoconstric-
tion. Conversely, propranolol served to potentiate  vasoconstriction 
caused by intraarterial norepinephrine, but not that caused by 
reflex sympathetic vasoconstriction. These investigators con-
cluded that a β-adrenergic vasodilator mechanism may be active 
in human digits, but does not modulate sympathetic vasoconstric-
tion. There is no evidence to support the contention that decreased 
sensitivity or number of β adrenoceptors contributes to the patho-
physiology of Raynaud's phenomenon in the absence of pharma-
cological blockade of β adrenoceptors.

Vasoconstriction Caused by Circulating Vascular 
Smooth Muscle Agonists
Various neurotransmitters, hormones, and platelet release byprod-
ucts are capable of constricting vascular smooth muscle and caus-
ing digital vasoconstriction. These include Ang II, serotonin, TxA2, 
and endothelin-1 (ET-1). It would be difficult to attribute all causes 
of Raynaud's phenomenon to excessive levels of these vasocon-
strictor agents, but in some secondary causes of Raynaud's phe-
nomenon, any one of them might contribute to vasoconstriction.

Serotonin (5-hydroxytryptamine [5-HT]) is a neurotransmitter 
that is synthesized and released by selective neurons and entero-
chromaffin cells. Serotonin can cause vasoconstriction by directly 
activating serotoninergic receptors on the smooth muscle cells 
(SMCs). Vasoconstriction may also be caused by direct activation 
of α adrenoceptors on SMCs or indirectly by facilitating release of 
norepinephrine from adrenergic nerve terminals. Although some 
evidence implicates a role for serotonin in the pathophysiology of 
Raynaud's phenomenon, the contribution of serotonin to digital 
vasospasm remains speculative.

The possibility that vasoconstrictors released during plate-
let aggregation may be pertinent to the pathophysiology of 
Raynaud's phenomenon has been further evaluated by stud-
ies that have either measured levels of TxA

2 or administered a 

thromboxane synthetase inhibitor.41,42 Coffman and Rasmussen 
compared the thromboxane synthetase inhibitor dazoxiben to 
placebo in patients with either primary or secondary Raynaud's 
phenomenon.41 Dazoxiben did not affect total fingertip blood 
flow or  fingertip capillary blood flow, whether measured in a warm 
(28.3 °C) or cool (20 °C) environment. With chronic  treatment, 
there was a small decrease in frequency of vasospastic episodes 
in patients with primary Raynaud's phenomenon. To date, how-
ever, there is insufficient evidence to support a role for TxA2 in 
digital vasospasm.

Plasma concentration of the potent vasoconstrictor Ang II  
is rarely elevated in patients with Raynaud's phenomenon. This 
hormone is therefore unlikely to contribute to the pathophysiol-
ogy of digital vasospasm in most patients.

Endothelin-1 is an endothelium-derived, powerful, and pro-
longed-acting vasoconstrictor agent suggested to play a part in 
the pathogenesis of Raynaud's phenomenon. It rises in response 
to a cold pressor test and constricts cutaneous blood vessels.43 
Studies measuring ET-1 in primary or secondary Raynaud's phe-
nomenon have been conflicting.44 Controlled clinical trials of ET-1 
receptor antagonism in the treatment of Raynaud's disease have 
achieved little success.45,46 It is therefore doubtful that it plays a role 
in Raynaud's phenomenon.

Decreased Intravascular Pressure
Patency of a blood vessel requires balance between arterial wall 
tension (favoring closure of the vessel) and intravascular distend-
ing pressure. Landis measured intravascular pressure in patients 
with Raynaud's phenomenon by introducing a micropipette into 
a large digital capillary.47 During cyanosis, capillary pressure fell 
to approximately 5 mmHg, and flow ceased. These findings sug-
gested that the site of closure was proximal to the capillaries at the 
arterial level. Interestingly, Thulesius reported that brachial artery 
blood pressure in patients with primary Raynaud's phenomenon 
was significantly lower than that in a normal control population.48 
Cohen and Coffman also found that blood pressure was lower in 
patients with primary Raynaud's phenomenon compared with 
normal  subjects.49 In addition to lower brachial blood pressure, sys-
tolic blood pressure (SBP) measured at the proximal and distal 
digital arteries  averaged 18 mmHg less than that in normal digits.

A low digital artery pressure may occur in various disorders 
associated with Raynaud's phenomenon, such as large-vessel arte-
rial occlusive disease secondary to atherosclerosis, embolism, or 
thoracic outlet syndrome. When extrinsic vasoconstrictor force is 
applied, these vessels may collapse and cause digital ischemia. 
Distal vascular occlusions secondary to thromboangiitis obliterans 
(TAO), vasculitis, or vibration injury may also reduce digital arterial 
pressure distal to the diseased vascular segment.

Hyperviscosity may reduce blood flow velocity in digital vessels, 
leading to a decrease in intravascular pressure. Indeed, Raynaud's 
phenomenon occurs in patients with hyperviscosity due to poly-
cythemia vera or Waldenström macroglobulinemia.50,51 In patients 
with Raynaud's phenomenon secondary to disorders such as cryo-
globulinemia and cold agglutinin disease, hyperviscosity caused 
by cooling may contribute to digital vasospasm.52–54 Indeed, cool-
ing has been shown to abolish hand blood flow in patients with 
cold agglutinins, possibly because the vessels become occluded 
by agglutinated red cells.54 Data invoking hyperviscosity as a 
cause of Raynaud's phenomenon in patients who do not have an 
 established blood dyscrasia, however, are less compelling.

Secondary Causes of Raynaud's 
Phenomenon
The secondary causes of Raynaud's phenomenon include colla-
gen vascular diseases, arterial occlusive disorders, thoracic out-
let  syndrome, several neurological disorders, blood dyscrasias, 
trauma, and several drugs (see Box 48-1).
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Collagen Vascular Diseases
SYSTEMIC SCLEROSIS (SCLERODERMA)

Raynaud's phenomenon occurs in 80% to 90% of patients with 
systemic sclerosis; it may be the presenting symptom in approxi-
mately 33% of patients. In some patients, scleroderma may develop 
after Raynaud's phenomenon has been present as the only symp-
tom for many years. Frequency and severity of Raynaud's phenom-
enon in patients with systemic sclerosis is often worse than that 
observed in patients with primary Raynaud's phenomenon. The 
incidence of digital ulceration and gangrene is increased, possi-
bly leading to amputation. Diagnosis of systemic sclerosis is sug-
gested by the appearance of typical sclerotic skin changes. These 
include tightness, thickening, and nonpitting induration involv-
ing the extremities, face, neck, or trunk. When present in the 
digits, these abnormalities produce changes in the contour of 
the fingers and toes, referred to as sclerodactyly. Other manifesta-
tions of systemic sclerosis include pitting scars of the tips of the 
digits, normal skin pigmentation, and telangiectasia. Visceral man-
ifestations include pulmonary fibrosis, esophageal dysmotility,  
and colonic sacculation. The kidney and heart may also be 
involved. As the disease progresses, skin and subcutaneous tis-
sue of the fingers become stiffer, joints become immobile, and 
contractures develop. A variant of systemic sclerosis is the CREST 
syndrome, a form of limited scleroderma that includes calcinosis, 
Raynaud's phenomenon, esophageal dysmotility, sclerodactyly, 
and telangiectasia in the absence of internal organ involvement.

Several serological studies are consistent with the diagnosis 
of scleroderma. Erythrocyte sedimentation rate may be elevated, 
and ANAs are present in the majority of individuals with this dis-
order. Patients may have antibodies to nucleolar antigens, nuclear 
ribonucleoprotein, and to the centromeric region of metaphase 
chromosomes. In patients with systemic sclerosis and Raynaud's 
phenomenon, capillary microscopy often demonstrates enlarged 
and deformed capillary loops surrounded by relatively avascular 
areas, particularly in the nailfolds.55 Angiography frequently dem-
onstrates digital vascular obstruction.

SYSTEMIC LUPUS ERYTHEMATOSUS

Raynaud's phenomenon occurs in approximately 10% to 35% of 
patients with systemic lupus erythematosus (SLE). Persistent digital 
vasospasm, often due to proliferative endarteritis of the small digi-
tal vessels, also occurs and may result in gangrene. Diagnosis of SLE 
is based on the presence of at least 4 of the following 11 criteria:

 1. Malar rash.
 2. Discoid rash.
 3. Photosensitivity.
 4. Oral ulcers.
 5. Arthritis.
 6. Serositis, including pleuritis or pericarditis.
 7. Renal disorders, including persistent proteinuria or cellular 

casts.
 8. Neurological disorders, such as seizures and psychosis.
 9. Hematological disorders, including hemolytic anemia, leu-

kopenia, lymphopenia, or thrombocytopenia.
10. Immunological disorders.
11. Abnormal titers of antinuclear antibody, especially anti- 

deoxyribonucleic acid (DNA)56

RHEUMATOID ARTHRITIS

Raynaud's phenomenon also occurs in patients with rheumatoid 
arthritis. These patients may have vasculitis of medium-sized ves-
sels, as well as proliferative endarteritis of small vessels. Crops of 
small brown spots may be observed in the nail beds and digital 
pulp. Digital blood flow is often reduced in patients with rheuma-
toid arthritis, and angiography frequently reveals occlusions of one 
or more digital arteries.57 The diagnosis is suggested in patients 
who have at least one joint with synovitis, with the synovitis not 

explained by another disease, and who score 6/10 points or more 
on the following consensus diagnostic criteria58:

 1. Involvement of 2 to 10 large joints (1 point).
 2. 1 to 3 small joints (2 points).
 3. 4 to 10 small joints (3 points).
 4. More than 10 joints (5 points).
 5. Low-positive rheumatoid factor (RF) or low-positive antic-

itrullinated protein/peptide (ACPA) (2 points).
 6. High-positive RF or high-positive ACPA (3 points).
 7. Abnormal C-reactive protein (CRP) or abnormal ESR (1 point).
 8. Duration of symptoms 6 weeks or more (1 point).

DERMATOMYOSITIS AND POLYMYOSITIS

Thirty percent of patients with dermatomyositis and polymyosi-
tis have associated Raynaud's phenomenon. Muscular manifesta-
tions include weakness of the proximal girdle muscles, particularly 
those involving the lower extremities. Patients may also experience 
aching in the buttocks, thighs, and calves. Some patients complain 
of dysphagia or dyspnea. Myocarditis develops in approximately 
one third of these individuals. The dermatological abnormalities 
in dermatomyositis include localized or  diffuse erythema, a mac-
ulopapular rash, and eczematoid dermatitis. A purplish (helio-
trope) rash may develop on the upper eyelids, face, chest, limbs, 
or around the nail beds. Laboratory diagnosis of  dermatomyositis 
and  polymyositis is based on elevated serum levels of the  skeletal  
 muscle enzymes, including creatine kinase, aldolase, serum 
 glutamic  oxaloacetic transaminase, and lactic acid  dehydrogenase. 
There may be  myoglobinuria, and ESR is often elevated. 
Electromyogram reveals evidence of a myopathy.

PRIMARY SJÖGREN'S SYNDROME

Sjögren's syndrome is an autoimmune disease that mainly affects 
exocrine glands and leads to dryness of the eyes and mouth, but it 
can have extraglandular manifestations. Raynaud's phenomenon 
has been reported in 13% to 33% of patients and may precede the 
sicca symptomatology in many.59 Presence of anticentromere 
antibody increases the likelihood of associated Raynaud's phenom-
enon, possibly because of an association with an increase in fibrous 
tissues.60 The clinical course is usually milder than in patients with 
systemic sclerosis. Antinuclear antibody tests are often positive, but 
the diagnosis is usually made by the clinical picture.

MIXED CONNECTIVE TISSUE DISEASE

Mixed connective tissue disease (MCTD) is a disorder with overlap-
ping clinical features of SLE, scleroderma, and myositis, and pres-
ence of a distinctive antibody against U1-ribonucleoprotein (RNP). 
Raynaud's phenomenon is the main symptom in mixed connec-
tive tissue disease, and trophic abnormalities of the fingers are 
frequently observed. Elevated anti-U1-RNP antibody titers and an 
abnormal capillaroscopic pattern are specific for the condition.61

Arterial Occlusive Disease
Occlusive disease of arteries proximal to the digital vessels is 
often associated with Raynaud's phenomenon. Proximal arterial 
occlusive disease may decrease intravascular pressure and upset 
the balance between tension in the arterial wall and intravascu-
lar  distending pressure. This may make the vessel more prone to 
vasospasm when subjected to sympathetic nervous system stimuli.

Atherosclerosis of the extremities tends to occur most frequently 
in males older than 50 years of age and females older than 60. 
When Raynaud's phenomenon occurs in these individuals, it tends 
to be unilateral and related to the affected extremity. Usually only 
one or two digits are involved. The diagnosis is suggested by clini-
cal history and physical examination. Symptoms of claudication 
or findings that would suggest atherosclerosis elsewhere, such as 
in the coronary or cerebral vasculature, often indicate the under-
lying disorder. Physical findings are noteworthy for decreased or 
absent pulses in the involved extremity. These abnormalities can 
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be confirmed by noninvasive vascular testing. Severe ischemia 
may manifest as persistent digital pallor or cyanosis and must be 
distinguished from the episodic digital vasospasm of Raynaud's 
phenomenon.

Thromboangiitis obliterans (or Buerger's disease) is an inflam-
matory occlusive vascular disorder involving small- and medium-
sized arteries and veins, often accompanied by Raynaud's 
phenomenon (see Chapter 44). In addition to Raynaud's phenom-
enon, clinical features of TAO include claudication of the affected 
extremity and migratory superficial vein thrombosis in a young male.

Thoracic Outlet Syndrome
Compression of the neurovascular bundle as it courses through the 
neck and shoulder can result in a symptom complex that includes 
Raynaud's phenomenon as well as shoulder and arm pain, weak-
ness, paresthesias, and claudication of the affected upper extrem-
ity (see Chapter 62). Raynaud's phenomenon may result from the 
decreased intravascular pressure caused by extrinsic compression 
of the subclavian artery. Whether compression of the brachial 
plexus alters sympathetic nervous system activity is unknown.

Neurological Disorders
Various neurological conditions, particularly those causing disuse 
of the limb, may be associated with disorders of circulatory vaso-
motion. These include stroke, syringomyelia, intervertebral disk 
disease, spinal cord tumors, and poliomyelitis. The affected limb, 
including the hand or foot in addition to the digits, may be cool 
and cyanotic. In contrast to the episodic nature of Raynaud's phe-
nomenon, these changes tend to be persistent.

Raynaud's phenomenon has been reported in approximately 
10% of patients with carpal tunnel syndrome.62 This entrapment 
neuropathy is due to compression of the median nerve as it passes 
through the carpal tunnel. It may result from pregnancy, localized 
tenosynovitis, trauma, hypothyroidism, amyloidosis, or activities 
associated with repeated motion of the wrist. Patients usually expe-
rience paresthesias or weakness in the distribution of the median 
nerve. The diagnosis is suggested when symptoms are reproduced 
by tapping the volar surface of the wrist (Tinel sign) or by main-
taining flexion of the wrist (Phalen maneuver). Nerve conduction 
tests usually demonstrate abnormalities of the median nerve at the 
wrist. Supportive treatment includes splints and antiinflammatory 
drugs. With severe persistent symptoms, surgical release of the car-
pal ligament may be beneficial.

Complex regional pain syndrome, previously known as reflex 
sympathetic dystrophy or causalgia, is another neurological disor-
der associated with cyanotic extremities and involves pain and 
tenderness of a distal extremity, with accompanying vasomotor 
instability (see Chapter 52).

Blood Dyscrasias
Hyperviscosity syndromes, cold-precipitable plasma proteins, 
abnormalities of red cell agglutination, and certain myeloprolifera-
tive disorders are associated with Raynaud's phenomenon, as well 
as with persistent digital ischemia.

Patients with cold agglutinins occasionally develop Raynaud's 
phenomenon. It is generally thought that Raynaud's phenomenon 
develops when proteins precipitate on red blood cells and agglu-
tinate within the digital vessel during exposure to cold. Prolonged 
exposure may cause thrombosis and subsequent digital gangrene. 
Cold agglutinin disease usually involves immunoglobulin (Ig)
M antibodies that are reactive with I antigen.63 The antibody titer 
is high at 4 °C and low at 37 °C. These antibodies also may cause 
cold-induced hemolysis. Agglutination usually does not occur in 
 temperatures above 32 °C. Cold agglutinins may arise  spontaneously 
or occur in patients with mycoplasma pneumonia, infectious mono-
nucleosis, or lymphoproliferative disorders. Cold agglutinin disease 
may be short lived in patients with infectious causes but is often 
persistent in patients with lymphoproliferative disease.

Cryoglobulins are a group of proteins that precipitate in cold 
serum and may cause Raynaud's phenomenon.64 Cryoglobulins 
are associated with monoclonal and polyclonal gammopathies 
in  disorders such as Waldenström macroglobulinemia, SLE, and 
 rheumatoid arthritis. Cryoglobulinemia has been categorized into 
three subtypes. Type I cryoglobulins include monoclonal immuno-
globulins of a single class, usually associated with lymphoprolif-
erative disorders such as multiple myeloma. Type II encompasses 
mixed cryoglobulins containing monoclonal IgM or rheuma-
toid factor and polyclonal IgG. This may occur in patients with 
Waldenström macroglobulinemia or chronic active hepatitis. In 
patients with Waldenström macroglobulinemia, about 10% of mac-
roglobulins are cryoglobulins. Type III cryoglobulinemia includes 
polyclonal IgM and IgG immunoglobulins, as may occur in SLE. 
Indeed, approximately 80% of patients with lupus have cold- 
insoluble precipitates. In these patients, there is a significantly 
higher level of cryoprecipitating IgM class rheumatoid factors than 
in other patients. Most patients with mixed cryoglobulinemia have 
a chronic hepatitis C infection.

Cryofibrinogenemia is a rare condition that may be associ-
ated with digital vasospasm.65 The plasma, but not the serum, of 
patients with cryofibrinogenemia forms a gelatinous precipitate 
at 4 °C. Disorders associated with cryofibrinogenemia include 
 disseminated intravascular coagulation, collagen vascular  diseases, 
 thromboembolism, and diabetes mellitus.

Trauma
Various traumatic injuries are associated with Raynaud's 
 phenomenon and have been designated traumatic vasospastic 
 diseases. Causes of traumatic vasospastic disease include electric 
shock injury, thermal injuries such as frostbite, and  mechanical 
 percussive injury associated with piano playing and typing. The 
most  common traumatic cause of Raynaud's phenomenon is 
repeated exposure to vibrating tools. This has occasionally been 
referred to as vibration white finger syndrome. It has been reported 
in lumberjacks and other users of chainsaws, stonecutters who use 
air hammers, operators of pneumatic hand grinders and impact 
wrenches in the engine manufacturing industry, and road drill-
ers. Prevalence of Raynaud's phenomenon induced by vibra-
tion ranges from 33% to 71% among members of populations at 
risk and increases with exposure time.66,67 It has been suggested 
that the combination of vibration and cold exposure in many of 
these workers is responsible for development of Raynaud's phe-
nomenon.68 Pathophysiological changes may involve both the 
vascular and neurological systems in these individuals and may 
contribute to digital vasospasm. Intimal thickening of peripheral 
arteries has been reported in animals exposed to repeated vibra-
tion, but  pathological changes of the blood vessels have not con-
sistently been demonstrated.69 Medial muscular hypertrophy and 
subintimal fibrosis have been found in biopsy specimens of digi-
tal arteries of patients in one study, but not in others. Nailbed cap-
illaroscopy has shown a reduction in the number of capillaries. 
Arteriograms of these patients have shown arterial occlusion of the 
distal radial and ulnar  arteries and frequently of the palmar arch.

Neurophysiological abnormalities have not been consistently 
demonstrated in patients with Raynaud's phenomenon secondary 
to vibration. Although some have found a high instance of abnor-
mal electromyograms, others have found that episodes of Raynaud 
phenomena occur independently of electromyographic abnormali-
ties.70 Peripheral nerve conduction velocities are often abnormal 
in vibrating tool operators, and pathological changes have also 
been reported in the nerves of patients with vibration white finger, 
including axonal degeneration, demyelination, and collagenization 
of perineurium and endoperineurium. Thus the precise pathophysi-
ology of Raynaud's phenomenon in patients repeatedly exposed 
to vibratory stimuli is unclear. Some have suggested that overex-
citation of the Pacinian corpuscles causes reflex efferent sympa-
thetic nerve activity. Others have suggested that following vibration, 
 cutaneous vessels become more reactive to sympathetic stimuli.
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Another trauma-induced cause of Raynaud's phenomenon 
is the hypothenar hammer syndrome. Patients develop an ulnar 
artery thrombosis after hammering with the palms of their hands 
or  practicing karate.

Drugs and Toxins
Various drugs have been implicated in producing Raynaud's 
 phenomenon or digital vasospasm (see Box 48-1). Although some 
of these drugs act by directly causing vasoconstriction, the mecha-
nism whereby others cause Raynaud's phenomenon is not known.

Ergot derivatives cause vasospasm, primarily by stimulating 
α adrenoceptors. Ergotamine may stimulate serotonergic recep-
tors as well. Vasospasm usually occurs when excessive doses of 
these drugs have been administered. Spasm may affect digital ves-
sels as well as the coronary, carotid, and femoral vessels and the 
coronary, carotid, femoral, and splanchnic arteries. Bromocriptine 
mesylate, an ergot derivative with dopamine agonist activity used 
to treat Parkinson's disease, hyperprolactinemia, and acromegaly, 
has been associated with Raynaud's phenomenon. Methysergide, 
used to treat migraine headaches, is another ergot derivative that 
has been associated with digital ischemia. The tricyclic antidepres-
sant imipramine and the amphetamines also have been reported 
to cause arterial spasm.

Raynaud's phenomenon has also been associated with use of 
at least three chemotherapeutic agents: vinblastine, gemcitabine, 
and bleomycin. Although it is unknown how these compounds 
cause Raynaud's phenomenon, it has been reported that bleo-
mycin causes pathological changes in small blood vessels. 
Vinblastine can induce peripheral neuropathy and perhaps inter-
fere with the autonomic reflexes. Gemcitabine therapy has been 
associated with Raynaud's phenomenon and digital ischemia due 
to endothelial damage secondary to inflammatory changes, and 
from thrombotic microangiopathy.71

Industrial exposure to vinyl chloride polymerization processes 
may cause acro-osteolysis of the distal phalanges of the fingers, 
changes that are occasionally associated with Raynaud's phenom-
enon, but one recent study found the phenomenon less frequent 
among workers than in the population.72

β-Adrenoceptor blocking drugs may cause Raynaud's phenom-
enon. Although the mechanism of action is unknown, possibili-
ties include unopposed stimulation of vascular α adrenoceptors 
or reflex sympathetic vasoconstriction initiated by the central 
 cardiovascular depressant effect of β-adrenergic blockade. It 
remains controversial whether cardioselective β-adrenoceptor 
blocking drugs cause Raynaud's phenomenon less frequently than 
nonselective drugs, and whether there is less digital vasospasm 
with drugs that also have α-adrenoceptor blocking properties or 
intrinsic sympathomimetic activity. One placebo-controlled study 
examined both cardioselective and nonselective β-adrenoceptor 
blockers in patients who already had Raynaud's phenomenon.73 
Compared with placebo, neither metoprolol nor propranolol 
decreased fingertip blood flow, despite exposure to a cool environ-
ment. Furthermore, chronic treatment did not increase the number 
of vasospastic attacks in patients receiving either drug compared 
with placebo. One might conclude from these observations that 
β-adrenoceptor blocking drugs may cause Raynaud's  phenomenon 
in some individuals, but these drugs do not seem to adversely affect 
frequency of vasospastic attacks, nor do they decrease finger blood 
flow in patients with Raynaud's phenomenon.

Miscellaneous Causes
Hypothyroidism may be associated with Raynaud's 
 phenomenon.74 In these cases, thyroid replacement alleviates 
the episodes of  digital vasospasm. Although the mechanism is 
unknown, peripheral  vasoconstriction may occur in hypothyroid 
patients to  conserve heat. Alternatively, edematous thickening of 
the vascular wall could predispose to vessel closure during nor-
mal  sympathetic stimuli.

Patients with arteriovenous fistula (AVF) may develop Raynaud's 
 phenomenon; it is particularly prevalent in patients undergoing 
hemodialysis.75 This may be secondary to decreased blood flow 
and blood pressure in the digits of the limb with the fistula.

Pulmonary hypertension and Raynaud's phenomenon may 
occur in the same patients. Some of these may have a connec-
tive tissue disorder such as scleroderma.76 Approximately 30% of 
patients with pulmonary arterial hypertension (PAH) have ele-
vated titers of antinuclear antibody.77,78 Ten percent of women with 
PAH have Raynaud's phenomenon.78 This frequency is not differ-
ent from that occurring in the general population, so it is not clear 
whether the association of primary pulmonary hypertension and 
Raynaud's phenomenon is coincidence or related to a common 
neurohumoral or immunological mechanism.

Paraneoplastic Raynaud's phenomenon is a rare complication 
of a number of different malignancies (e.g., carcinomas, sarcomas, 
lymphomas, leukemias), at times accompanied by paraneoplastic 
dermatomyositis and characterized by capillaroscopic findings 
similar to scleroderma.79,80

Diagnostic Tests
Noninvasive vascular tests may be employed to evaluate patients 
with Raynaud's phenomenon (see Chapter 12). The effect on finger 
systolic pressure of local cooling with ischemia is an objective test 
for Raynaud's phenomenon,81 but this is too cumbersome a test 
for routine use because it involves measuring digital systolic pres-
sure with cooling plus 5 minutes of ischemia at four different tem-
peratures (Fig. 48-5). Patients with Raynaud's phenomenon have a 
greater reduction or loss of finger systolic pressure with cooling 
compared with normal subjects, who show a gradual decrease.

The pulse volume waveform may distinguish patients with 
Raynaud's phenomenon who have digital ischemia secondary to 
vascular occlusive lesions (Fig. 48-6). During local digital warming, 
the vessels dilate. The pulse waveform is usually normal  during 
warming in patients with Raynaud's phenomenon if obstructive 
lesions are not present, and may be abnormal if atherosclerosis, 
TAO, or other fixed obstructive digital vascular pathology impairs 
digital blood flow.

Various serological studies such as for collagen vascular dis-
orders or blood dyscrasias are useful to screen for secondary 
causes of Raynaud's phenomenon. These tests include ESR, 

FIGURE 48-5 Measurement of proximal finger systolic blood pressure 
(SBP) using strain gauge to detect increase in fingertip volume as 
proximal cuff is slowly deflated from suprasystolic pressure. Fingertip 
pulsations and volume increase are not detected until cuff pressure deflates to 
110 mmHg, the point of digital artery opening.
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serum protein electrophoresis, and assays for antinuclear anti-
body, rheumatoid factor, cryoglobulins, and cold agglutinins. 
Indications for these and other serological studies are usually 
suggested by the history and physical examination. Nailfold cap-
illary microscopy may be used to detect the deformed capillary 
loops and avascular areas typical of collagen vascular disor-
ders55 (Fig. 48-7). Roentgenography of the cervical spine is used 
to detect cervical ribs.

Angiography is rarely indicated, since Raynaud's phenomenon is a 
diagnosis based primarily on history. Angiography may be  indicated, 
however, in patients with persistent digital ischemia  secondary to 
atherosclerosis, TAO, or emboli from a subclavian artery aneurysm, 
in order to plan revascularization procedures (Fig. 48-8).

Treatment
Treatment programs must be individualized and designed 
according to the underlying cause of Raynaud's phenomenon 
and  severity of symptoms. Therapy directed specifically at the 

symptoms of Raynaud's phenomenon can be categorized as 
(1)  conservative measures, (2) pharmacological intervention, 
and (3) surgical sympathectomy (Box 48-3). In individuals with 
well-defined  secondary causes of Raynaud's phenomenon, 
treatment should also be directed specifically at the underly-
ing cause. For example, if a patient has been taking a vasoac-
tive medication, such as an ergot alkaloid, or has been treated 
with a β-adrenergic blocking drug for hypertension, removal 
of the offending agent may reduce or  eliminate the Raynaud's 
phenomenon. Similarly, specific treatment may be directed at 
other secondary causes such as arterial occlusive disorders, 
connective tissue diseases, and blood dyscrasias. The following 
discussion focuses on treatment designed to palliate Raynaud's 
phenomenon.

FIGURE 48-6 Digital pulse volume recordings (PVRs). Digital pulse 
volume waveforms were recorded during cooling (left; 24 °C) and rewarming 
(right; 44 °C). In healthy subject (top), pulse volume amplitude increased during 
warming. In patient with digital ischemia secondary to vascular occlusion, pulse 
volume amplitude is diminished during both cooling and rewarming (bottom).

A B

FIGURE 48-7 Nailfold capillary microscopy is performed using magnifying glass, ophthalmoscope, or compound microscope (magnification, × 10) 
to view clean nailfold covered with immersion oil. A, Normally, superficial capillaries are regularly spaced hairpin loops. B, Results of this test are abnormal 
in patients with connective tissue disorders. Avascular areas and enlarged and deformed capillary loops are present in nailfold of this patient with scleroderma. 
Disorganized nailfold capillaries associated with avascular areas and hemorrhage are present in patients with dermatomyositis and polymyositis (magnification, × 10). 
(Courtesy H. Maricq, MD.)

FIGURE 48-8 Angiogram from young woman with persistent digital 
ischemia. Multiple areas demonstrate digital vascular occlusion. Blood vessel 
biopsy was performed to make the diagnosis of necrotizing vasculitis.
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Conservative Measures
Patients with primary Raynaud's phenomenon often benefit from 
reassurance. An explanation describing the frequency of the 
 disease in the general population, its precipitating factors, and 
its benign prognosis is reassuring and allays fears of amputation. 
Patients should avoid unnecessary cold exposure and should 
wear loose, warm clothing. In addition to gloves and adequate 
foot  protection, the trunk and head should be kept warm to avoid 
reflex vasoconstriction. Moving to a warmer climate is rarely feasi-
ble; furthermore, vasospasm may be induced after a move by even 
small changes in environmental temperature. Patients should use a 
moisturizing cream on their digits to prevent drying and cracking.  
Cigarette smoking should be avoided, since nicotine causes cutane-
ous vasoconstriction. Because the sympathetic nervous system medi-
ates the vasoconstrictor response to cold and emotional  distress, 
behavioral therapy has been proposed as a means of  ameliorating 
the symptoms of Raynaud's phenomenon. Studies have been 
reported both supporting and refuting the efficacy of biofeedback 
training in this disorder.78,82–87 The techniques used for  biofeedback 
training in most of these studies were different. Furthermore, objec-
tive means of assessing responses varied from determination of 
digital temperature during cold exposure to queries regarding 
symptomatic improvement. Several uncontrolled studies indicated 
that following biofeedback training, patients were able to increase 
digital temperature and possibly decrease the frequency of vaso-
spastic attacks.78,82–85 Patients usually trained to increase their digital  

temperature during either local or  environmental cold exposure. 
In one controlled study that  compared temperature  biofeedback 
with nifedipine for treatment of primary Raynaud's phenomenon, 
biofeedback was not better than control treatment, and inferior to 
the drug.88 Another form of behavioral therapy, Pavlovian condition-
ing, has been shown to increase digital temperature during cold 
exposure.89 Although behavioral therapy may be effective in some 
individuals, there are insufficient data to support its routine use for 
patients with Raynaud's phenomenon.

Pharmacological Intervention
Two classes of drugs are effective for treatment of Raynaud's pheno-
menon: calcium channel blockers and sympathetic  nervous  system 
inhibitors.2,90,91 Other classes of drugs for which efficacy has not been 
firmly established include serotonin antagonists, angiotensin-con-
verting enzyme inhibitors (ACEIs), and  direct-acting smooth muscle 
relaxants such as nitrates, endothelin  antagonists,  phosphodiesterase 
type 5 (PDE5) inhibitors, and vasodilator prostaglandins (PGs).

CALCIUM CHANNEL BLOCKERS

Calcium entry blockers are the most effective drugs for treating 
Raynaud's phenomenon. Most of the evidence accumulated to 
date involves nifedipine, which interferes with vascular smooth 
muscle contraction by antagonizing calcium influx. This drug 
decreases digital vascular resistance in patients with Raynaud's 
phenomenon during environmental cold exposure and increases 
digital SBP and digital skin temperature  during local cold 
exposure.92,93 In multiple placebo-controlled trials, nifedipine 
decreased frequency and severity of Raynaud's  phenomenon.2,90 
It has also been reported to be effective treatment in children.94 
Although nifedipine is not of benefit in all patients, symptoms 
improve in about two thirds of individuals. Patients with both 
 primary and secondary Raynaud's phenomenon have shown 
improvement. Extended-action preparations should be used, start-
ing with 30 mg daily and increasing to 60 mg, 90 mg, and 120 mg 
if necessary.2,95 Side effects include hypotension, lightheadedness, 
indigestion, and peripheral edema.

Less information is available about the other calcium channel 
blocking drugs. Diltiazem, however, has been reported in several 
studies to improve symptoms of Raynaud's phenomenon.96,97 One 
preliminary report also indicated that it was effective in patients 
with Raynaud's phenomenon secondary to vibration injury.98 
Felodipine, at a dose of 2.5 or 5 mg, may be as effective as nife-
dipine but has not been as extensively studied.99,100 Isradipine and 
amlodipine have been reported beneficial in small studies. In 
 contrast, verapamil has not been shown to be effective in patients 
with Raynaud's phenomenon.101

SYMPATHETIC NERVOUS SYSTEM INHIBITORS

The vasoconstrictor response to cold exposure or emotional stress 
is mediated via the sympathetic nervous system. Sympathetic ner-
vous system inhibitors that have been used to treat Raynaud's 
phenomenon include prazosin, reserpine, guanethidine, phenoxy-
benzamine, and methyldopa.

Prazosin hydrochloride is an α1-adrenoceptor blocker. Since 
postsynaptic α1 adrenoceptors are found on digital vessels, clini-
cal improvement following administration of this drug might 
be anticipated.2,91 However, one study reported only modest 
increases in digital blood flow during intraarterial infusion of 
prazosin. Uncontrolled observations have suggested that prazosin 
is effective in roughly 50% of patients with Raynaud's phenome-
non. A few small placebo-controlled double-blind studies suggest 
that prazosin in doses ranging from 1 to 4 mg twice daily reduce 
the frequency of Raynaud's phenomenon.102–104 Tachyphylaxis 
may occur with prazosin, often necessitating dosage increments 
up to 10 mg three times daily. Side effects of prazosin include 
hypotension, particularly after the first few doses, leading to 
l ightheadedness or syncope. In addition, patients may develop 

Conservative Measures
Warm clothing
Avoidance of cold exposure
Abstinence from nicotine
Remove offending drug (if present)
Behavioral therapy

Pharmacological Interventions
Calcium channel blockers
nifedipine
diltiazem
Felodipine
Isradipine
Amlodipine

Sympathetic Nervous System Inhibitors
Prazosin
Reserpine
Guanethidine
Phenoxybenzamine

Phosphodiesterase Type-5 Inhibitors
sildenafil
Tadalafil

Classes of Drugs with Unproven Efficacy
serotonin antagonists
Ketanserin
Fluoxetine
Vasodilator prostaglandins (PGs)
Iloprost
Thromboxane inhibitors
Angiotensin-converting enzyme inhibitors (ACEIs)
Angiotensin receptor antagonists
Endothelin receptor antagonists
organic nitrates

Sympathectomy
stellate ganglionectomy
Lumbar sympathectomy
digital sympathectomy

Botulinum Toxin Injection

Box 48-3 Treatment of Raynaud's Phenomenon
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headache,  drowsiness, or fatigue. Long acting α1-adrenoceptor 
blockers, such as doxazosin and terazosin, have not been stud-
ied in patients with Raynaud's phenomenon, but would probably 
have effects similar to prazosin.

SELECTIVE SEROTONIN REUPTAKE INHIBITORS

One small study found that fluoxetine, a selective serotonin reup-
take inhibitor (SSRI), reduced the number and severity of vaso-
spastic attacks in 53 patients with primary or secondary Raynaud's 
phenomenon compared with nifedipine; more clinical trial data 
are needed.105 Erythromelalgia has been reported as a complica-
tion of SSRI therapy for Raynaud's phenomenon.106

RENIN-ANGIOTENSIN SYSTEM INHIBITORS

Angiotensin II is unlikely to mediate digital vasospasm in most 
patients with Raynaud's phenomenon.107 If elevation of this 
hormone is due to other pathological conditions, it could con-
ceivably contribute to digital vasospasm in patients already pre-
disposed to Raynaud's phenomenon. One such population is 
patients with systemic sclerosis and malignant hypertension. One 
report described two patients with systemic sclerosis, malignant 
hypertension, renal failure, and digital ischemia who were treated 
with the ACEI captopril. Hypertension, renal insufficiency, and 
digital ischemia all improved following drug administration.108 
However, another study reported that captopril decreased vaso-
spastic attacks in patients with primary Raynaud's phenomenon, 
but not in patients with Raynaud's phenomenon secondary to 
scleroderma.109 Other uncontrolled studies have suggested that 
captopril reduces symptoms in Raynaud's disease. The angioten-
sin receptor antagonist losartan has been reported to decrease 
the frequency and severity of vasospastic attacks in 15 patients 
with primary Raynaud's phenomenon.110 More studies of this 
class of drug are necessary.

ENDOTHELIN RECEPTOR ANTAGONISTS

Case reports and case series have described success in the use 
of endothelin receptor antagonists in the treatment of refractory 
Raynaud's phenomenon.111–113 In a small placebo-controlled trial 
of patients with Raynaud's phenomenon secondary to systemic 
sclerosis, bosentan, a dual endothelin receptor antagonist, did not 
lessen frequency, duration, pain or severity of attacks.45 In a large 
multicenter double-blind, placebo-controlled trial of 24 weeks of 
therapy in 188 patients with systemic sclerosis, bosentan reduced 
occurrence of new digital ulcers but had no effect on ulcer heal-
ing; other secondary endpoints such as pain and disability were 
negative.46

PHOSPHODIESTERASE TYPE 5 INHIBITORS

The PDE5 inhibitors prevent break down of cyclic guanosine mono-
phosphate (cGMP), causing relaxation of vascular smooth muscle 
cells (VSMCs) and vasodilation. Accumulating evidence supports 
use of these agents in patients with Raynaud's phenomenon.114 
In a placebo-controlled  crossover trial in patients with second-
ary Raynaud's phenomenon resistant to vasodilator therapy, the 
PDE5 inhibitor sildenafil reduced frequency of vasospasm and 
shortened attack duration while improving mean capillary flow 
velocity.115 In a trial of similar design, the PDE5 inhibitor tadalafil 
reduced frequency and severity of  vasospastic attacks and caused 
resolution of digital ulcers.116 Sildenafil also reduced frequency 
of vasospastic attacks in a  placebo-controlled study of 57 patients 
with Raynaud's phenomenon secondary to  limited cutaneous sys-
temic sclerosis.117

DIRECT VASCULAR SMOOTH MUSCLE RELAXANTS

The problem with most vasodilators is that they cause a general 
reduction in vascular resistance and may actually divert blood 
flow from the affected digits. As a result, patients often experience 

adverse side effects, including hypotension, without deriving any 
benefit for Raynaud's phenomenon.

Organic nitrate preparations including nitropaste are often used 
in patients with Raynaud's phenomenon. One study reported that 
topical glyceryl trinitrate was an effective therapy for patients 
with Raynaud's phenomenon, but limited in utility because of 
 headache.118 A novel formulation of topical nitroglycerin,  MQX-503 
gel, may offer relief in Raynaud's phenomenon and be better tol-
erated than nitropaste.119 Nitroprusside has been used to treat 
severe ergotism-caused vasospasm. No other convincing evidence 
exists that chronic treatment with nitrate preparations ameliorates 
Raynaud's phenomenon.90

PROSTAGLANDINS

Prostaglandins inhibit platelet aggregation and are vasodilators. 
Several uncontrolled studies have suggested that intravenous (IV) 
infusions of prostaglandin E1 (PGE1) promote healing of digital 
ulcers in patients with scleroderma.2,90 In a placebo-controlled 
multicenter study, however, IV PGE1 was no more effective than pla-
cebo in reducing symptoms of Raynaud's phenomenon or heal-
ing digital ulcers. Several placebo-controlled studies, however, have 
reported long-term benefit in the treatment of severe Raynaud's 
phenomenon with IV iloprost, a prostacyclin (PGI2) analog, for  
3 to 5 days, or with prostacyclin for 3 weeks.2,90 There were significant 
decreases in frequency,  duration, and severity of vasospastic attacks, 
or increases in indices of finger blood flow for up to 9  weeks. In 
one study that compared IV iloprost with oral nifedipine, both drugs 
were of benefit subjectively, but parameters of finger blood flow 
were only increased with iloprost. Side effects of iloprost depend on 
dosage and include headaches, flushing, nausea, vomiting, and jaw 
pain. Oral prostacyclin preparations, unfortunately, have not proven 
of value in the treatment of Raynaud's phenomenon.

STATINS

HMG-CoA reductase inhibitors (“statins”) exhibit pleiotropic 
effects on endothelial function and therefore might be anticipated 
to retard the vascular pathology of Raynaud's phenomenon. One 
prospective placebo-controlled clinical trial of atorvastatin 40 mg 
daily demonstrated improvement in digital ulcers in patients with 
Raynaud's phenomenon secondary to systemic sclerosis.120

N-ACETYLCYSTEINE

N-acetylcysteine, a powerful antioxidant, is postulated to 
decrease free radical injury of the endothelium. A pilot study 
of IV N-acetylcysteine for 5 days in 22 patients with Raynaud's 
 phenomenon due to systemic sclerosis decreased vasospas-
tic attack frequency and severity, compared with pretreatment 
values.121 Controlled studies are needed with this interesting 
 compound, which is used safely in other disorders.

OTHER AGENTS

Agents no longer commonly used in the treatment of Raynaud's 
phenomenon include reserpine and guanethidine (which 
decrease norepinpehrine release from nerve terminals), the adren-
ergic blocking drugs α-methyldopa and phenoxybenzamine, the 
serotonin antagonist ketanserin, and the thromboxane synthetase 
inhibitor dazoxiben.

Sympathectomy
The success rate of sympathectomy for episodic digital vaso-
spasm of the upper extremity is not as good as might be antic-
ipated. Raynaud's phenomenon recurs in the majority of 
patients.2,122,123 Successful relief of digital ischemia is less in 
patients with  secondary forms of Raynaud's phenomenon than 
in patients with primary Raynaud's phenomenon. In contrast, the 
majority of patients experience improvement in symptoms in 
their lower extremities following lumbar sympathectomy. Possibly, 
lumbar sympathectomy is more complete than thoracodorsal 
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 sympathectomy, in which residual sympathetic pathways may 
develop following surgery.

Digital sympathectomy, also referred to as adventitial stripping, 
has been advocated by some surgeons for treatment of digital isch-
emia, particularly that secondary to severe Raynaud's phenome-
non.124 This technique may improve digital blood flow and allow 
healing of digital ulcerations.2,88,90

Botulinum Injection
Botulinum toxin type A is a neurotoxin that results in flaccid  muscle 
paralysis. Injection of botulinum toxin into the perineurovascular 
tissue of the wrist or the distal palm, or along the digits, has been 
reported to relieve recalcitrant Raynaud's phenomenon in several 
case series, but no controlled clinical trial has been reported.125,126
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C H A P T E R  49  Acrocyanosis
Veerendra  Chadachan, Robert T. Eberhardt

The term acrocyanosis is derived from the Greek words akron 
(meaning “extremity”) and kyanos (meaning “blue”). As a medical 
condition, acrocyanosis is an uncommon functional vasospastic 
disorder characterized by persistent bluish discoloration, primar-
ily of the hands and feet. The original description of acrocyano-
sis is credited to Crocq in 1896, thus the eponym Crocq's disease. 
Classically, acrocyanosis affects young asthenic females in regions 
with cooler climates. In contrast to Raynaud's syndrome, the blu-
ish discoloration of acrocyanosis is persistent rather than episodic 
and is not associated with discomfort.1 Primary acrocyanosis is 
not associated with an identifiable cause and is usually a benign 
 disorder with a good prognosis; skin ulceration and tissue loss are 
extremely rare. Patients with primary disease usually do well with 
behavioral measures such as avoidance of exposure to cold; phar-
macological therapy is rarely necessary. Secondary acrocyanosis 
occurs in  association with another underlying disorder. An acro-
cyanotic appearance may be seen in conjunction with any disease 
that causes central cyanosis or markedly decreases blood flow to 
the extremity. Treatment and prognosis of secondary acrocyanosis 
depends on the underlying condition.1

Epidemiology
Limited information is available on many of the epidemiological 
aspects of primary acrocyanosis, including its precise incidence 
and prevalence. Acrocyanosis is believed to occur more fre-
quently with a low body mass index (BMI), outdoor occupations, 
and in areas with cooler climates.2 Despite early reports suggesting 
similar gender predilection, acrocyanosis seems to affect women 
more frequently than men, with a female-to-male ratio of 6:1.3 It is 
more common in younger individuals, the typical age range being 
20 to 45 years.4 In addition, occurrence of acrocyanosis seems to 
decrease with increasing age, regardless of the regional climate.5 
It is seen frequently in patients with anorexia nervosa, affecting up 
to 20% of women with this disorder.6 It has been suggested that as 
many as 10% of patients have a family history of acrocyanosis in 
one of the first-degree relatives, suggesting a genetic basis.4

Etiology
As already noted, acrocyanosis is commonly a primary or idio-
pathic disorder that is not associated with an identifiable cause. 
It also occurs as a secondary condition in association with con-
nective tissue disorders, some hematological conditions, anorexia 
nervosa, neurovascular disorders, drugs, toxins, infections,  heritable 
metabolic diseases, and some malignancies.7 An acrocyanotic 
appearance also occurs in conjunction with any disease that 
causes central cyanosis or markedly decreases blood flow to the 
extremities (Box 49-1).

Pathophysiology
Acrocyanosis is due to a decrease in the amount of oxygen deliv-
ered to the tissues of the extremities. Several mechanisms for 
primary acrocyanosis have been proposed, but the precise mech-
anism remains elusive. Potential pathophysiological disturbances 
include abnormal arteriolar tone, alteration of microvascular 
responsiveness with capillary and venular dilation and stasis, and 
abnormal sympathetic nervous system activity (Box 49-2).

The essential abnormality in primary acrocyanosis seems to 
be peripheral cutaneous vasoconstriction due to increased tone 
of the arterioles, associated with secondary vasodilation of capil-
laries and subpapillary venous plexi.8 Arteriolar vasoconstriction 

produces the cyanotic discoloration, and compensatory venular 
dilation in the postcapillary sphincter leads to excessive sweating. 
Persistent vasoconstriction at the precapillary sphincter creates a 
local hypoxic environment that may cause increased release of 
vasodilatory mediators such as adenosine in the capillary beds.9 
This in turn leads to dilation of postcapillary venules. The differ-
ence in the vessel tone may create a countercurrent exchange 
 system in an attempt to retain heat, and this leads to sweating. 
Potential mediators that may contribute to the pathogenesis of 
acrocyanosis include serotonin, adrenaline, noradrenaline, and 
endothelin (ET)-1. Levels of these mediators have been shown to 
be increased in acrocyanosis.3,10

The exact cause of the disordered arteriolar tone in acrocya-
nosis is unknown. Most evidence points to local sensitivity of the 
arterioles to cold and an exaggerated sympathetic nervous system 
response. Earlier studies suggested an exaggerated digital arterio-
lar vasoconstrictive response to cold stimuli,11 whereas subsequent 
studies have implicated the sympathetic nervous system.1 An inter-
esting case described normalization of cutaneous thermal-induced 
vasoreactivity in the hands of a young girl with acrocyanosis during 
phenobarbital-induced sleep. In this state, her hands responded in 
the same manner as the rest of body to heat and cold exposure. 
This finding supports the hypothesis that the abnormal vascular 
tone in acrocyanosis may be of central origin.12 Other mechanisms 
hypothesized include increased blood viscosity,13 decreased distal 
blood flow at low temperatures, and persistently elevated vasocon-
strictive mediators such as endothelin-1 levels,14 but convincing 
supporting evidence for these is not readily available.

Clinical Presentation
Primary acrocyanosis typically occurs in thin young women who 
are not physically active. They commonly present with persistent 
bluish discoloration of the hands and feet. The distribution of 
the discoloration is symmetrical.5 It less frequently involves fore-
arms, ears, lips, nose, or nipples. It is the discoloration that  usually 
prompts patients to seek medical care. Patients may also describe 
a sensation of coolness of the affected areas, but generally will 
not have pain. There may be slight swelling of the digits and 
increased perspiration. Although the discoloration is  persistent, 
emotion and cold temperature can intensify the acrocyanotic 
appearance, and warmth can diminish it.1 Discoloration and 
coolness are worse in cold weather, but typically persist even dur-
ing the summer months.

Examination reveals bluish discoloration of the hands and feet, 
which are cool and often sweaty (Fig. 49-1). The color has also 
been described as bluish-pink or orange-like tinged with red, and 
differing hues may be seen at various times. A brownish-yellow 
color on the dorsum of hands and feet has been described and 
attributed to exposure to the warmth of the sun because it is most 
 obvious in summer.  Pressure on the discolored skin causes pallor, 
and color returns slowly and irregularly.  Fingers may be puffy,  but 
trophic changes do not occur.

In patients with primary disease, there are no other abnormal 
physical findings. Arterial pulses are normal, suggesting there is 
no large-vessel arterial obstruction.8 Elevation of a cyanotic limb 
above heart level produces pallor, suggesting venous obstruction is 
not present. Patients with secondary acrocyanosis may have clini-
cal features of the underlying condition. Episodes of digital pallor 
or rubor do not occur, although patients may have both acrocyano-
sis and Raynaud's phenomenon. This is especially true in patients 
with scleroderma or systemic lupus erythematosus (SLE) as an 
 underlying cause.
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Diagnosis
Primary acrocyanosis is diagnosed clinically based on a careful 
history and physical examination. Laboratory or imaging stud-
ies typically are not necessary.15 Cyanosis is symmetrical in dis-
tribution and will be present at the time of examination, since 
it is persistent. In addition, there are usually no associated tro-
phic skin changes, localized pain, or ulcerations. Peripheral 

pulse  examination is normal, excluding significant peripheral 
artery occlusive disease. Pulse oximetry reveals normal oxygen 
saturation.

Secondary acrocyanosis is suggested by asymmetrical distribu-
tion of the discoloration, presence of pain, or trophic changes of 
the fingers or toes. Hypoxemia or absent pulses suggest central 
cyanosis or arterial obstructive disease, respectively. Selected lab-
oratory tests are necessary to confirm the diagnosis of second-
ary acrocyanosis.  Arterial blood gas is appropriate to evaluate for 
hypoxemia. Antinuclear antibodies (ANAs) are typically absent, 
but if  present suggest an underlying connective tissue disorder. If 
the history and physical examination are suggestive, directed test-
ing for cryoglobulins, antiphospholipid antibodies, cold aggluti-
nins, or antibodies to Epstein-Barr virus should be performed.

Nailfold capillaroscopy is often abnormal in acrocyano-
sis. Features include abnormal capillary morphology, pericapil-
lary edema, and even hemorrhage. Findings on capillaroscopy 
are often nondiagnostic and may be associated with secondary  
 disease.  It has been shown that mean capillary density is decreased 
in patients with acrocyanosis compared with normal subjects, 
but not to the extent seen in patients with Raynaud's phenome-
non due to scleroderma.16 Other capillary abnormalities include 
capillary loops of diameter larger than normal. The presence of 
megacapillaries and areas of sparse or absent capillaries suggest 
underlying scleroderma or mixed connective tissue, whereas bushy 
 capillaries suggest underlying systemic lupus erythematosus. Other 
 findings such as decreased oscillations over the radial artery and 
decreased digital vessel sounds when assessed by Doppler have 
been described but are nonspecific.17

Histopathology
Cutaneous biopsy is usually unnecessary for the diagnosis of 
acrocyanosis. Findings described on biopsy are thickening of the 
medial coat of arterioles and dilation of papillary and subpapil-
lary capillaries. Other features include mild perivascular infiltra-
tion, mild dermal edema, and skin fibrosis with formation of new 
blood vessels.4

Differential Diagnosis
Primary acrocyanosis should be distinguished from other cold-
related vasospastic conditions such as Raynaud's syndrome, 
pernio, and livedo reticularis.15 This determination is based 
upon general appearance, distribution, and persistence of the 
cyanosis. Then the finding of acrocyanosis requires consider-
ation of other local or systemic features that would suggest an 
underlying  secondary disorder.18

Abnormal arteriolar tone
Alteration in microvascular reactivity
Abnormal sympathetic nervous system activity
increased blood viscosity
Persistently elevated vasoconstrictive mediators

Box 49-2  Proposed Pathophysiological Mechanisms 
of Primary Acrocyanosis

Primary or Idiopathic Acrocyanosis

Secondary Acrocyanosis
Connective Tissue Disorders
scleroderma
systemic lupus erythematosus (sLE)
Rheumatoid arthritis
Mixed connective tissue disease
Antiphospholipid antibody syndrome

Hematological
Cryoglobulins
Cold agglutinins
Lymphoproliferative disorders

Infections
Mycoplasma pneumonia
Mononucleosis
Hepatitis C

Medications and Toxins
Tricyclic antidepressants, interferon alpha (iFn-α), amphotericin B 

deoxycholate, Blasticidin s
Arsenic, butyl nitrate

Anorexia Nervosa

Heritable Disorders
Ethylmalonic aciduria
Mitochondrial disease
Fucosidosis
Fabry's disease

Neurovascular Disorders
spinal cord injury
Complex regional pain syndrome
Postural orthostatic tachycardia syndrome

Malignancy
Lymphoma

Cardiopulmonary Disease
Pulmonary hypertension (PH)
Cyanotic heart disease
Respiratory failure

Arterial Occlusive Disease
Atheromatous embolism
Disseminated intravascular coagulation (DiC)
Heparin-induced thrombocytopenia (HiT)
septic embolism

Box 49-1 Differential Diagnosis for Acrocyanosis

FIGURE 49-1 Primary acrocyanosis involving the hands.
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Systemic hypoxemia with increased deoxyhemoglobin is a 
common etiology of an acrocyanotic appearance. Presence of 
central cyanosis with arterial hypoxemia should prompt a search 
for underlying cardiopulmonary disease.19 Peripheral cyanosis 
may result from an alteration in hemoglobin (Hb), with accumu-
lation of the oxidized form, methemoglobin.20 This may be seen 
with exposure to oxidizing agents such as aniline, benzocaine, 
dapsone, phenazopyridine, nitrates, and naphthalene. Cold agglu-
tinins and cryoglobulinemia may cause acrocyanosis.21,22 Cold 
agglutinins may be associated with infectious mononucleosis and 
Mycoplasma pneumonia and also occur in lymphoproliferative 
disorders. Acrocyanosis has been reported as a presenting feature 
of Hodgkin lymphoma.23 Acrocyanosis is also caused by cryoglo-
bulinemia associated with hepatitis C infection and several other 
diseases.24

Acrocyanosis is well described in anorexia nervosa.25 It tends 
to occur in the more severely ill and malnourished patients. 
Typically these patients have pallor of the face and trunk, slower 
pulse rates, and high fasting plasma glucose levels. These patients 
also have decreased distal blood flow and impaired vasodilation 
to a heat stimulus.6

Numerous connective tissue disorders may manifest acrocyano-
sis, but other signs of these diseases are usually present. Patients 
with scleroderma and SLE may have both acrocyanosis and epi-
sodic attacks of Raynaud's phenomenon.16,26 Antinuclear antibod-
ies may be detected in patients with connective tissue disorders. 
Acrocyanosis is also present in up to one third of patients with 
antiphospholipid antibodies, and may be seen in conjunction 
with other cutaneous manifestations such as dermatographism, 
urticaria, livedo reticularis, cutaneous nodules, ulceration, and 
purpura.27,28

Several medications and toxins are associated with acro-
cyanosis, including tricyclic antidepressants, interferon alpha 
(IFN-α)-2a, amphotericin B, arsenic, and butyl nitrite.29–33 
Therefore, it is important to consider medications or toxic sub-
stances as a potential cause.

Acrocyanosis has been observed in several neurological dis-
orders with suspected neurovascular instability. An acrocyanotic 
appearance may be seen following spinal cord injuries or with 
complex regional pain syndrome.34 This later disorder often 
occurs following trauma and is typified by pain and autonomic 
dysregulation. Acrocyanosis and lower-extremity edema has also 
been described in postural orthostatic tachycardia syndrome and 
is ascribed to venous pooling.35

Acrocyanosis secondary to inherited metabolic disorders is 
more likely to present during childhood or adolescence. These 
disorders are suspected when other characteristic associated 
manifestations are present. Infants with ethylmalonic aciduria 
have petechiae, diarrhea, pyramidal signs, and mental retardation.36 
Children with mitochondrial disease may have hair abnormalities, 
pigmentation disorders,  and hypertrichosis.37

Acrocyanosis may also be present in patients with microemboli, 
microthrombi, or atheromatous embolism. Patients with atheroma-
tous emboli are typically older with other signs of atherosclerosis, and 
they have other cutaneous signs such as petechiae, livedo reticularis, 
and painful skin lesions on the toes (so-called blue toe syndrome).38 
Microthrombi and/or microemboli may occur in acutely ill patients 
with disseminated intravascular coagulation (DIC), heparin-induced 
thrombocytopenia (HIT), or septic embolism due to endocarditis.39

Treatment
Primary acrocyanosis is a benign condition that usually requires 
only conservative measures; there is no effective curative medi-
cal or surgical treatment (Box 49-3). Treatments typically focus 
on symptom relief or more often cosmetic appearance. Some 
patients are so affected they avoid social contact.15 Reassurance 
and behavioral measures, such as avoidance of exposure to cold 
and use of protective clothing, often improve the discoloration.40 
In  addition, psychophysiological measures such as biofeedback 

 training,  conditioning of reflexes, and hypnosis may give partial 
relief.

Pharmacological intervention is rarely necessary. Various 
drugs have been advocated, although no controlled studies have 
been performed. Calcium channel blockers, nicotinic acid deriv-
atives, adrenergic blocking agents (rauwolfia, guanethidine, reser-
pine, and α-blockers), cyclandelate, topical minoxidil, and rutin 
compounds have been claimed to provide symptomatic improve-
ment.18 Bromocriptine has been reported to relieve acrocyanosis 
in a few days, but may induce Raynaud's phenomenon in about 
one third of patients.41 Sympathectomy or disrupting the fibers of 
the sympathetic nervous system to the area usually will alleviate 
acrocyanosis. However, such a drastic procedure is rarely appropri-
ate for a benign disease.42

Treatment of secondary acrocyanosis depends on the under-
lying cause.

Prognosis
Although there is no cure, the prognosis of primary acrocyano-
sis is very good. It is not associated with increased risk of death, 
amputation, or other complications. Apart from the discoloration, 
patients with primary acrocyanosis usually have no other signs or 
symptoms such as pain, skin ulcerations, or tissue loss. Patients can 
expect to lead normal lives. In contrast, the prognosis of secondary 
acrocyanosis seems to vary widely depending upon the underl ying 
condition.
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Use of protective clothing
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Box 49-3 Treatment of Primary Acrocyanosis
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C H A P T E R  50  Erythromelalgia
Mark D.P. Davis, Thom W. Rooke

Definition and Historical Perspective
Erythromelalgia is a rare condition of the extremities characterized 
by the triad of redness, warmth, and pain. The symptom complex 
of intermittent acral warmth, pain, and erythema that defines eryth-
romelalgia has been well documented in the medical literature 
for more than 150 years. Graves1 described cases of “hot and pain-
ful legs” in 1834. The term erythromelalgia was coined in 1878 by 
Mitchell2 from erythros (red), melos (extremity), and algos (pain); 
some have since referred to it as Mitchell's disease. As we discover 
more about the link between a vasculopathy and neuropathy in 
this syndrome, it seems that Mitchell was prophetically accurate 
when he entitled the original manuscript “On a Rare Vasomotor 
Neurosis of the Extremities.” Smith and Allen3 emphasized another 
essential component of this syndrome when they renamed it 
 erythermalgia in 1938 to denote the heat (thermé) in the affected 
extremity during periods of redness. Although many authors agree 
that erythermalgia is perhaps more accurate, erythromelalgia is the 
term most commonly used, and it is the term used in this chapter.

Although poorly characterized inititally,4–6 there have been 
considerable advances in the characterization of this clinical syn-
drome, with large case series7–10 published. Although the condi-
tion is mysterious, it is not as mysterious as was once believed.9,10 
It has been argued that William Harvey could have had eryth-
romelalgia, not gout.11 Much of our current understanding of  
erythromelalgia derives from the larger case series reported.7,8,10,12,13

Nomenclature
Considerable confusion exists regarding the nomenclature of 
erythromelalgia.14 Many terms have been used, and some authors 
have proposed that these terms should refer to different forms of 
erythromelalgia, as detailed later. However, these synonyms are 
not widely used, and most authors now use the term erythromelal-
gia as originally used by Silas Weir Mitchell (1829-1914). Related 
names used by some include Weir-Mitchell's disease, Mitchell's dis-
ease, and acromelalgia. Michiels et al.15 proposed that the term 
erythromelalgia be restricted to cases due to myeloproliferative 
disorders responsive to aspirin therapy. They used the term ery-
thermalgia to describe idiopathic conditions or conditions due 
to other diseases that are unresponsive to aspirin therapy. An 
unwieldy term, erythermomelalgia, accounts for the four cardi-
nal symptoms and signs of the condition, but it is not in general 
use.16 Erythralgia has been used.5,17 Erythroprosopalgia, derived 
from prosopon (face), is used in the German literature to describe 
facial erythromelalgia.5,14,17

Criteria for Diagnosis
No objective criteria exist for the diagnosis of erythromelalgia, 
making it difficult to interpret some of the cases reported in the 
literature.14 The diagnosis is most often clinically based, dependent 
on the medical history and physical findings, because no objec-
tive diagnostic or laboratory tests are available,14 and because the 
physical findings of erythromelalgia may be absent owing to the 
frequently intermittent nature of the condition.8

Different diagnostic criteria have been suggested by differ-
ent authors. Weir Mitchell2,8 applied the three inclusion crite-
ria used in the original description of the syndrome: red, hot, 
and painful extremities. Brown18 added three additional crite-
ria in 1932: induction and exacerbation of symptoms by warm-
ing, relief by cooling, and unresponsiveness to therapy. The 
criteria were described as follows: (1) during attacks (bilateral  

or symmetrical burning pain in hands and feet), affected 
parts are flushed, congested, and warm; (2) attacks are initi-
ated or aggravated by standing, exercising, or exposing the 
extremity to temperatures warmer than 34 °C; (3) symptoms 
are relieved by elevation of the extremity or exposure of the 
extremity to cold; and (4) the condition is refractory to treat-
ment. Thompson et al.19 suggested the following five criteria: 
(1) burning extremity pain, (2) pain aggravated by warming,  
(3) pain relieved by cooling, (4) erythema of the affected skin, 
and (5) increased temperature of the affected skin. These five 
criteria have been used in several publications.10,14,20–23

Lazareth et al.24 used three major and two of four minor crite-
ria to satisfy the diagnosis. Major criteria were paroxysmal pain, 
burning pain, and redness of affected skin. Minor criteria were 
typical precipitating factors (heat exposure, effort), typical reliev-
ing factors (cold, rest), elevated skin temperature in affected 
skin, and response of symptoms to acetylsalicylic acid. Drenth 
et al.25–28 distinguished three types of red, congested, and pain-
ful conditions of the extremities that must be distinguished for 
effective treatment according to their cause: (1) erythromelalgia 
in thrombocythemia, (2) primary erythermalgia, and (3) second-
ary erythermalgia. Kurzrock and Cohen29 used a classification of 
early-onset erythromelalgia and late-onset erythromelalgia, irre-
spective of the cause.

Littleford et al.30 used a classification of type 1 erythromelalgia 
(the typical form) and type 2 erythromelalgia (the abortive form), 
in which the burning nature of the pain is absent and symptom-
atic relief is not always provided by cooling or elevation of the 
limb. Mørk and Kvernebo14 made the following distinctions: (1) 
Syndrome is used when initial and gradual symptoms localized to 
the feet and legs appear in childhood or adolescence, and when 
there is a family history of erythromelalgia; phenomenon is used for 
all other cases. (2) Erythromelalgia is primary when it is idiopathic. 
It is secondary when symptoms are caused by a primary disease 
such as a hemorrheological, metabolic, connective tissue, muscu-
loskeletal, or infective disease; are induced by drugs; or are part of 
a paraneoplastic phenomenon. (3) Acute is used when symptoms 
reach maximal strength within 1 month after onset of symptoms. 
(4) Borderline erythromelalgia, erythromelalgia, and severe erythro-
melalgia may be useful.14

Clinical Controversies
Several controversies persist concerning erythromelalgia: nomen-
clature, diagnostic criteria, scoring systems for clinical severity, and 
pathogenesis. Classification of erythromelalgia into primary and 
secondary types may be controversial when comorbid conditions 
are mislabeled as underlying diseases that cause erythromelalgia. 
Classification of incomplete forms of erythromelalgia is also con-
troversial; for example, some patients report that their feet are blue 
when symptoms are present. The problem with all definitions is 
that each criterion depends on clinical subjective judgment. The 
diagnosis of erythromelalgia is based on history because there 
are no objective physical findings. This may lead to an erroneous 
diagnosis.

Clinical Presentation
The essential elements of this clinical syndrome, as described 
by its name, are intermittent (occasionally continuous) redness 
of an acral area (i.e., extremities, head and neck area) associ-
ated with heat and pain. Common terms used to describe the 
pain include “piercing,”  “burning,” and “discomfort.”8 The pain and 
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burning sensation can be extremely severe. Patients report that 
they make major adjustments to their lifestyles to avoid precipi-
tating an event. During an episode, they try to cool their feet in 
many ways,  sometimes resorting to extraordinary measures to 
alleviate the pain, such as putting their feet in ice or walking bare-
foot in snow.

Erythromelalgia involves the feet in most circumstances 
(Fig. 50-1A-B); a minority of these patients have similar symp-
toms involving the hands.8 Occasionally, only the hands are 
involved. Erythromelalgia may extend proximally to the knees 
in the lower extremities (Fig. 50-1C) and to the elbows in the 
upper extremities. Involvement of the extremities is gener-
ally symmetrical. Rarely, erythromelalgia involves the ears and 
face. In the largest reported series (168 patients), symptoms  
predominantly involved feet (148 patients, 88.1%) and hands 
(43 patients, 25.6%).8

In the majority of patients, symptoms are intermittent; epi-
sodes, precipitated by specific triggers, can last from minutes 
to hours. In a minority of patients, erythromelalgia symptoms 
are continuous, although they may wax and wane. Patients 

with continuous  symptoms usually report that their symptoms 
started intermittently and then became more frequent and pro-
longed until they were continuous. In the series of 168 patients,8 
symptoms were intermittent in 163 patients (97%) and continu-
ous in 5 (3%).

The specific precipitant for erythromelalgia varies from per-
son to person, but the most frequent precipitant is an increase 
in temperature of the affected acral area. This may be caused 
by an increase in ambient temperature, and patients may 
 experience increases in severity and frequency of attacks 
 during the summer. Erythromelalgia affecting the feet is often 
precipitated by an increase in local temperature from aerobic 
exercise. Symptoms can also be precipitated or intensified by 
lowering the affected part. Common aggravating factors include 
warm rooms, floors, or water; placing the extremity near heating 
appliances; sleeping under bedcovers; and wearing shoes and 
gloves. Walking, exercise, sitting, dependency of the extremities, 
and application of skin pressure may intensify symptoms. Some 
patients relate that episodes of erythromelalgia occur spontane-
ously without clear precipitating factors.

A

B

C

FIGURE 50-1 Erythromelalgia (red, hot, acral areas) involving 
lower extremities may affect toes only, distal forefoot (A), entire 
foot (B), or may extend up the leg, even beyond the knee (C). It is 
usually bilateral (C).
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Aspirin may dramatically relieve symptoms in a subset of patients 
with underlying myeloproliferative disease, but otherwise aspirin is 
rarely effective. Other agents that have been reported to relieve symp-
toms are presented later in the section on treatment. Many patients 
report that plunging their feet into ice water during an episode 
relieves their symptoms. Patients frequently report that the affected 
extremities must be exposed to cold surfaces or air-conditioned 
rooms or be immersed in buckets of cool or ice water to relieve their 
symptoms. A decrease in local temperature may decrease the sever-
ity of erythromelalgia or even abort an episode. Some patients sleep 
with their extremities outside the bedcovers, and some engage in 
unusual behaviors such as sleeping with their feet out a window, put-
ting their feet in a refrigerator, walking barefoot in the snow, or stor-
ing shoes in a freezer. Kvernebo10 described a patient who, for almost 
25 years day and night, lived with a bucket of ice water at her side, 
immersing her feet intermittently for 15 to 30 minutes an hour. Thus, 
in what superficially appears to be the antithesis of Raynaud's phe-
nomenon, patients seek relief by cooling the affected extremity.

Symptoms of erythromelalgia are intermittent, and the clini-
cal examination is often normal. If the patient is examined dur-
ing an episode of erythromelalgia, the affected extremity is 
tender, erythematous, and objectively hot. In up to two thirds of 
patients, affected extremities are discolored (blue/cyanotic, red, 
or mottled) and cool or cold to the touch, with varying degrees 
of discomfort between episodes. Raynaud's phenomenon is not 
uncommon between episodes, occurring in 15% of one series.31

The syndrome of erythromelalgia is frequently worsened when 
patients try to relieve their symptoms. For example, patients soak 
their feet in water and ice, which can lead to immersion irritant 
contact dermatitis or even frostbite. Allergic contact dermatitis 
due to substances that have been applied to the affected feet can 
occur. Other common vascular problems in the lower extremi-
ties such as edema, venous insufficiency, and lymphedema can 
be worsened by erythromelalgia. Patients may have high require-
ments for pain medications and become addicted to or dependent 
on narcotic analgesics. Psychiatric problems such as depression 
and obsessive-compulsive behaviors to avoid episodes of eryth-
romelalgia can occur. The syndrome can be socially disabling if 
patients avoid exercising, walking, participating in sports, or leav-
ing their homes, which leads to a sense of disablement, isolation, 
and loneliness. The syndrome frequently affects performance in 
the workplace (especially with manual work or jobs that entail 
standing) and at home.

Erythromelalgia predominantly affects individuals who are white 
and of any age. In the largest published series,8 all 168 patients were 
white, the female-to-male ratio was approximately 3:1, and the mean 
age was 55.8 years (range, 5-91 years). Symptoms had been present 
since childhood in seven patients (4.2%), and six patients (3.6%) 
had a first-degree relative with erythromelalgia.

Erythromelalgia can also occur in the pediatric age group. In 
the largest pediatric series reported—32 patients (girls, 22 [69%]) 
seen at the Mayo Clinic32—mean age was 14.1 years (range, 
5-18 years), and the diagnosis was delayed; mean time to diagnosis 
was 5.2 years. Seven patients (22%) had a first-degree relative with 
erythromelalgia; four were from the same family. Physical activ-
ity was limited in 21 patients (66%), and school attendance was 
affected in 11 patients (34%). Hypertension was not a feature of 
these patients. In contrast, Drenth et al.33 described nine children 
in whom erythromelalgia was transient (seven girls and two boys, 
mean age 11.6 years); in seven, hypertension was directly related 
to the symptoms, and treatment of the hypertension with intrave-
nous (IV) sodium nitroprusside relieved symptoms.

Diagnosis
Making the diagnosis is often a problem because objective findings 
may not be present during the physical examination, so the diag-
nosis may rest on history alone. However, because the  differential 
diagnosis includes many possibilities, it is best to have evidence to 
support the diagnosis. The following may help:

1. Examine and assess the patient both during an episode and 
between episodes. Ask the patient to engage in an activity, such 
as climbing stairs, that will precipitate an episode.

2. If it is not possible to examine a patient during an episode, ask 
the patient to obtain a photograph of the affected areas during 
an episode.

Classification
Most authors agree on the fundamentals of the diagnosis of eryth-
romelalgia, but there are many described criteria for diagnosis 
and many subclassifications of erythromelalgia. Use of these sub-
classifications may depend on whether one is a “lumper” or “split-
ter.”28,29,34 The most popular classification of erythromelalgia is into 
primary and secondary forms.

Primary Erythromelalgia
Primary erythromelalgia is defined by patients in whom no iden-
tifiable cause is found. This group includes the hereditary forms.

Secondary Erythromelalgia
Potential causes of secondary erythromelalgia are presented in 
Box 50-1. Erythromelalgia has been reported in association with 
myeloproliferative diseases, blood disorders, drugs, infectious dis-
eases, food ingestion (mushrooms), neoplasms, connective tissue 
disease, physiological conditions (pregnancy), and neuropathies. 
An epidemic in China has been described.66 The relationship 
of many underlying disorders to erythromelalgia is sometimes 
unclear, and the disorder may be a coincidental comorbidity 
rather than an underlying disease.

Among the reported series, the association with myeloprolifer-
ative disease seems most constant.8,35–37 Evidence of underlying 
myeloproliferative disease should be sought at diagnosis and 
subsequently. Erythromelalgia can herald the onset of under-
lying myeloproliferative disease. In one series, erythromelalgia 
was the presenting symptom of essential thrombocythemia in 
26 of 40 patients (65%)36; in another series, erythromelalgia was 
the presenting symptom in 11 of 268 patients with thrombocy-
themia (4%).37

Incidence
In a population-based study from Olmsted County, Minnesota, 
the overall age- and sex-adjusted incidence rate (95% confi-
dence interval [95% CI]) was calculated to be 1.3 (0.8-1.7) per 
100,000 persons per year. The incidence of primary and sec-
ondary erythromelalgia was 1.1 (0.7-1.5) and 0.2 (0.02-0.4) 
per 100,000 persons per year, respectively.89 The incidence was 
noted to have increased over the past 3 decades. This incidence 
was approximately five times higher than that reported from 
Norway, where the incidence was calculated to be 2.5 to 3.3 per 
1 million inhabitants per year in the Norwegian population, with 
a corresponding annual prevalence of 18 to 20 per 1 million.10 
Cases of borderline erythromelalgia were not included in these 
figures.9,10

Pathophysiology
The pathophysiology of erythromelalgia is not clearly understood. 
Part of the difficulty in understanding this disorder has been the 
heterogeneity of the affected population.90 The underlying patho-
logical mechanisms most likely involve a complex dysregulation 
of cutaneous blood flow that ultimately results in microvascular 
ischemia. Determining the nature of this dysfunction has also been 
challenging because control of cutaneous blood flow depends on 
an intricate interplay of systemic and local signals and is not com-
pletely understood.90 A small-fiber neuropathy likely contributes to 
this dysregulation.91,92
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Erythromelalgia: a Vasculopathy?
Thermoregulatory control of human skin blood flow is vital to 
maintenance of normal body temperatures during challenges to 
thermal homeostasis. Sympathetic neural control of skin blood 
flow includes the noradrenergic vasoconstrictor system and a sym-
pathetic active vasodilator system, the latter being responsible for 
80% to 90% of the substantial cutaneous vasodilation that occurs 
with whole-body heat stress. With body heating, the magnitude of 
skin vasodilation is striking; skin blood flow can reach 6 to 8 L/min 
during hyperthermia.93

Erythromelalgia is a cutaneous microvascular disorder. 
Pathophysiology appears to relate to disorders of local or reflex 

thermoregulatory control of skin circulation.93 Two paradoxical 
observations concerning blood flow during an episode of eryth-
romelalgia have been made. During symptoms, there is increased 
blood flow. Sandroni et al.,92 Mørk et al.,9 and Kvernebo10 con-
firmed that the observed erythema and warmth are associated with 
increased blood flow. Using laser Doppler, Sandroni et al.  measured 
blood flow during symptoms and demonstrated increased perfu-
sion during attacks. Paradoxically, however, this increased blood 
flow is accompanied by local hypoxia. Although there is increased 
perfusion during attacks, the values for transcutaneous oxygen ten-
sion are critically low, low, or unchanged—in other words, during 
symptoms, transcutaneous oximetry values decrease or do not cha
nge.9,10,91,92 To explain this paradox, Mørk et al.23 theorized and dem-
onstrated that the increased blood flow is probably due to shunting 
through arteriovenous anastomoses, which results in hypoperfu-
sion of the more superficial nutritive capillaries. If available blood 
is shunted away from normal skin capillaries, the skin will be 
hypoxic. Mørk et al. demonstrated that despite increased overall 
blood flow to the skin, the induction of erythromelalgia symptoms 
is accompanied by decreased perfusion of the superficial vascu-
lar plexus, as evidenced by a decreased density of skin capillaries. 
Thus their hypothesis is that dilation of arteriovenous anastomo-
ses is directly responsible for shunting nutritive blood flow away 
from the superficial vascular plexus. Furthermore, Mørk et al.21 pos-
tulated that erythromelalgia is not a disease, but rather a physio-
logical response to stimuli such as infection, trauma, or tumor, and 
symptoms are caused by tissue hypoxia induced by maldistribu-
tion of microvascular blood flow in the skin, with increased ther-
moregulatory flow and inadequate perfusion.

Sandroni et al.92 theorized that the effects of diminished perfu-
sion could be exacerbated by increased metabolic demands in 
response to hyperthermia, ultimately resulting in hypoxic tissue 
damage and pain. Pain relief by cooling could be explained by 
a resultant decrease in the metabolic rate and a corresponding 
decrease in the need for oxygen.

Littleford et al.30 described an underlying vasoconstrictor ten-
dency in patients with erythromelalgia that may be related to func-
tional or structural changes in skin microvessels, and noted that 
basal skin erythrocyte flux and skin temperature were lower in 
patients with a history of erythromelalgia than in controls. As noted 
earlier, Raynaud's phenomenon has been described in patients 
with erythromelalgia.94,95 Acrocyanosis has also been described.94 
Davis et al.91 have also noted that at baseline, the skin is cool and 
occasionally cyanotic between episodes in two thirds of patients.31

Erythromelalgia: a Neuropathy?
Several lines of evidence suggest that a neuropathy is associated 
with erythromelalgia, since the disorder has been described in 
association with many types of neuropathy. Both large- and small-
fiber neuropathies are observed in a large proportion of patients 
with erythromelalgia (see Box 50-1).91,92,96

Among 57 patients with erythromelalgia who were evaluated 
with use of an autonomic reflex screen, results for 49 (86%) were 
abnormal, indicating a small-fiber neuropathy. The most com-
mon abnormalities were sudomotor abnormalities (i.e., absent 
or reduced sweat production).91 In an earlier series, findings were 
similar for 17 of 27 patients (63%); whether the observed neuropa-
thy led to erythromelalgia, or vice versa, is unclear.92,98 In support 
of this, thermoregulatory sweat testing results were abnormal in 28 
(88%) of 32 patients, and quantitative sudomotor axon reflex test 
results were abnormal in 22 patients (69%); abnormalities noted 
on thermoregulatory sweat testing varied from local hypohidrosis 
or anhidrosis to global anhidrosis.96

Conversely, in a series of 321 cases of disorders of autonomic 
neuropathy, the majority had erythromelalgia.99 Orstavik et al.100 
used erythromelalgia as a model to study chronic pain and found 
changes in the conductive properties of C fibers in patients with 
erythromelalgia that were indicative of a small-fiber neuropathy. 
Additionally, an active contribution of mechanoinsensitive fibers 

Box 50-1  Reported Causes of Secondary 
Erythromelalgia

Condition or Agent
Myeloproliferative Diseases and Blood Disorders
myeloproliferative disorders8,35

Essential thrombocythemia36–41

Polycythemia rubra vera42,43

myelodysplastic syndrome44

Pernicious anemia45

Thrombotic thrombocytopenic purpura46

idiopathic thrombocytopenic purpura47

Drugs
Cyclosporin48

Norephedrine49

Verapamil50

Nicardipine51,52

Nifedipine53–55

Pergolide mesylate56

Bromocriptine57–59

Infectious Diseases
Human immunodeficiency virus (HiV)60,61

Hepatitis B vaccine62

influenza vaccine63

infectious mononucleosis64

Pox virus65

Unknown agent66

Ingestion
mushrooms22,60

Neoplastic
Abdominal cancer67

Paraneoplastic68

Astrocytoma69

malignant thymoma70

Connective Tissue Disease
Systemic lupus erythematosus (SlE)71–74

Vasculitis75

Physiologic
Pregnancy76

Neuropathic
Hereditary sensory neuropathy77

Neuropathy78

Polyneuropathy79

Riley-Day's syndrome80

multiple sclerosis81

Acute diabetic neuropathy82

Neurofibromatosis83

Inherited
X-linked dominant?84

Autosomal dominant85

Unknown86

Familial87,88
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to chronic pain was postulated. Uno and Parker101 reported that the 
density of both acetylcholinesterase-positive and catecholamine-
containing nerve terminals in the periarterial and sweat gland 
plexuses was much less in the skin of the erythermalgic foot than 
in the unaffected skin of the same patient, and much less than in 
the foot skin of a healthy person.

Layzer102 wrote that it seems plausible to regard erythrome-
lalgia as a problem of polymodal C-fiber receptors in sensi-
tized skin. The threshold of C fibers to activation by heat would 
decrease to between 32 °C and 36 °C; activated C fibers would 
cause vasodilation by axon reflexes, resulting in redness, heat, 
and swelling. With cooling, the threshold for the nociceptors 
would increase.

Kazemi et al.97 reported that 72.7% of the patients studied had 
abnormal sympathetic reflexes, which may result from an abnor-
mality of the sympathetic nerves. Normal sympathetic nerve activ-
ity in skin without an associated vasoconstriction response has 
been found in a patient.103 Littleford et al.104 also noted findings 
suggesting that patients with erythromelalgia have diminished 
sympathetic vasoconstrictor responses to both cold challenge of 
the contralateral arm and inspiratory gasp; an interplay between 
neural and vasoactive agents was postulated.

Inherited Erythromelalgia
There is a subset of erythromelalgia that is inherited. In the larg-
est reported series, the proportion of cases that are inherited was 
approximately 5%.8 Inheritance in familial autosomal dominant 
(29 persons were affected in five generations) and X-linked domi-
nant fashions have been reported. Clinical onset in familial cases 
usually occurs in childhood, most frequently prior to the age of 5 
or 6, but occasionally is seen up to 10 or 12 years of age and, in rare 
families, at even older ages.

GAIN-OF-FUNCTION MUTATIONS IN SENSORY NERVES 
AND CONSEQUENT NERVE HYPEREXCITABILITY

In the inherited forms of erythromelalgia, there have been new 
developments in understanding the disease. It now appears that 
mutations in particular sodium channels in the nociceptors of 
sensory nerves lead to firing of nerves with little provocation; in 
other words, sensory nerves are hyperexcitable. In 2001, Drenth 
et al. investigated DNA from five families with hereditary eryth-
romelalgia using linkage analysis and located the gene respon-
sible to chromosome 2q31-32.105 Based on this work, Yang et al. 
subsequently reported that mutations in the gene SCN9A on this 
chromosome caused primary erythromelalgia.106 Cummins et al. 
showed that functionally this gene encoded the Nav 1.7 sodium 
channel; mutations in this gene leads to altered channel func-
tion in nerves.107 These mutations are preferentially expressed 
by the dorsal root ganglion and sympathetic ganglion neuron. 
In 2005, Michiels et al. reported that a mutation in this gene 
occurred in all five affected members of a Flemish family and 
in none of five unaffected members.108 Han et al. described a 
patient with onset of erythromelalgia in the second decade and 
suggested that mutations that lead to lesser changes in sodium 
channel activation are associated with lesser neuron excitability 
and later onset of clinical signs.109

The implications of these findings are significant, since these 
mutated sodium channels could be a therapeutic target, and more 
widely, other pain syndromes also involve altered sodium channel 
function.110 In an editorial in 2005, Waxman and Dib-Hajj stated, 
“Erythromelalgia is the first human disorder in which it has been 
possible to associate an ion channel mutation with chronic neu-
ropathic pain . . . erythromelalgia may emerge as a model disease 
that holds more general lessons about the molecular neurobiol-
ogy of chronic pain.”111

It is important to bear in mind that these findings have been 
described in the inherited form of erythromelalgia thus far and 
not the more common noninherited forms. Additionally, SCN9A  

mutation is not always present in inherited erythromelalgia. 
Drenth et al. identified this mutation in only 1 of 15 patients with 
a family history of the disease.112

ERYTHROMELALGIA ASSOCIATED WITH A 
MYELOPROLIFERATIVE DISEASE

Erythromelalgia in the setting of thrombocythemia or myelopro-
liferative diseases seems to be a separate entity, although it pres-
ents similarly to other forms of erythromelalgia. Recognition of 
the associated myeloproliferative disease is vital because in these 
specific types of erythromelalgia, aspirin provides immediate and 
long-lived relief from symptoms. Thrombin, platelet function, and 
genetics have been considered in studies of erythromelalgia. Van 
Genderen et al.113 noted that thrombocythemia-associated eryth-
romelalgia may develop despite treatment with oral anticoagu-
lants or heparin, suggesting that generation of thrombin is not a 
prerequisite for development of erythromelalgia. Disordered plate-
let function affecting the microvasculature has been implicated in 
thrombocythemia-related erythromelalgia.114

Pathophysiological Controversies
Several questions about erythromelalgia remain. Does a neu-
ropathy cause the vasculopathy, or does the vasculopathy cause 
a neuropathy?91 What causes the neuropathy if it is not caused 
by the vasculopathy? In the inherited form, mutations in the 
sodium channel lead to hyperexcitability of sensory nerves. 
Similar mutations have not been described in the sporadic form, 
which accounts for 95% of cases. What is the pathophysiology in 
these forms? How does dysfunction of the precapillary sphincter 
affect this disease? Schechner90 pointed out that it is unknown 
whether shunting of blood through arteriovenous anastomoses 
alone can induce hypoxia severe enough to induce pain, par-
ticularly in areas that contain few arteriovenous anastomoses. 
Potentially inadequate compensatory dilation, or even inappro-
priate constriction of the precapillary sphincter, may compound 
the effects of the relative hypoperfusion. What factors are respon-
sible for vascular dysfunction? Both autonomic neuropathy21,92 
and endothelial injury115 have been observed in patients with 
erythromelalgia, but it is not known whether this damage to 
critical vasoregulatory components is primary or secondary to 
chronic hypoxia.

Differential Diagnosis
Any condition causing extremity pain could be mistaken for eryth-
romelalgia. In particular, unwarranted diagnosis of erythromelalgia 
can result from any clinical situation that includes burning sen-
sations in the limbs.116 However, the syndrome of erythromelalgia 
is specific for red, hot extremities. The following conditions are 
included in the differential diagnosis:

l Neuropathies: peripheral neuropathy, small-fiber neuropathy, 
reflex sympathetic dystrophy.

l Vascular: large vessel disease, small-vessel disease, Raynaud's 
phenomenon, Raynaud's disease, arterial insufficiency, venous 
insufficiency (which can produce sensations of warm feet, 
often at bedtime, with edema and an increase in local heat).

l Metabolic: painful crises associated with Fabry's disease (a 
hereditary sphingolipidosis transmitted on chromosome X 
that occurs predominantly in men, often starting early in child-
hood with a burning sensation in the limbs).

l Skin: dermatitis, immersion foot.
l Infectious: erysipelas.
l Bone: osteomyelitis.
l Exogenous: acrodynia (a rare disease caused by excessive mer-

cury intake and confirmed by high mercury levels in the urine, 
in which the main sign is vasomotor impairment in the limbs, 
and the red hands and feet have an intense, paroxysmal, burn-
type pain).
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Investigations
To investigate the possibility of erythromelalgia, the clinician 
should take the following steps:

1. Get a detailed history, and perform a physical examination with 
respect to each element of the history outlined earlier.

2. If signs of erythromelalgia are not present during the exami-
nation, ask the patient to photograph the affected area when 
symptoms are apparent.

3. Evaluate the results of a complete blood cell (CBC) count, 
including total and differential leukocyte counts.

4. Investigate the possibility of underlying disease, as indicated 
by the patient's age, history, and physical examination.

5. Consider further investigations as outlined in Box 50-2, espe-
cially for small-fiber neuropathy and large-fiber neuropathy, 
and for noninvasive vascular studies during symptoms and 
between symptoms (as detailed by Davis et al.91) to better 
define the pathophysiology. Results of these tests are useful  
to confirm the diagnosis and help guide therapy.

6. In the inherited form, molecular genetic testing for mutations in 
SCN9A is available on a clinical basis.

Biopsy Findings
Reports of skin biopsies for erythromelalgia are scant. In the series 
reported by Davis et al.,8 only 12 of the 168 patients with primary 
erythromelalgia had a biopsy, and the biopsy specimens showed 
no specific abnormalities. Three cases of primary erythromelalgia 
were reported by Drenth et al.,115 and similarly, the biopsy speci-
mens showed nonspecific changes.

The histopathological changes in cases of erythromelalgia 
related to thrombocythemia have been characterized by Michiels 
and associates.36 Arteriolar inflammation, fibromuscular intimal 
proliferation, and thrombotic occlusions were noted.117 Croue 
et al.118 noted similar changes in a case of erythromelalgia related 
to essential thrombocythemia. Biopsies from a few patients with 
drug-induced erythromelalgia have been described. Biopsies 
from a patient with verapamil-induced erythromelalgia showed 
mild perivascular mononuclear infiltrate and moderate perivas-
cular edema.50 Among three patients with erythromelalgia due 

to  bromocriptine, biopsies showed a prominent perivascular lym-
phocytic infiltration and perivascular edema of the dermis without 
frank vasculitis.58

Natural History and Prognosis
Information concerning the prognosis of this condition is lim-
ited.8,12 In a study of the natural history of erythromelalgia in 
which 168 patients were studied, with a mean follow-up of 8.7 years 
(range, 1.3-20 years), Kaplan-Meier survival curves showed a signifi-
cant decrease in survival compared with expected survival among 
people matched for age and sex from the U.S. general population 
(P <.001).8 Of 94 patients questioned about their symptoms, 30 
(31.9%) reported that their symptoms had worsened, 25 (26.6%) 
had not changed, 29 (30.9%) had improved, and 10 (10.6%) had 
completely resolved.

At the time of the most recent follow-up, 45 of the 168 patients 
(26.8%) had died. Causes of death included myeloproliferative 
disease, cardiovascular disease, and cancer. Importantly, three 
patients with severe symptoms had committed suicide. In a series 
of patients with pediatric erythromelalgia, one patient had com-
mitted suicide.32

Kalgaard et al.12 reported that about two thirds of 87 patients stud-
ied had primary cases, and about three quarters had some form of 
chronic condition. Over time in the patients with erythromelalgia, 
the condition gradually became worse. In patients with primary or 
secondary acute erythromelalgia, the condition improved, and in 
patients with primary or secondary chronic erythromelalgia, the 
condition remained stable.

Thus overall, it can be concluded from these studies that some 
patients become worse, some have a stable course, and some get 
better or even have full resolution of erythromelalgia with time. It is 
notable that some patients experienced cure.8

Quality of Life
Erythromelalgia has a markedly negative effect on quality of life. 
One study has directly measured quality-of-life parameters.8 The 
Medical Outcomes Study 36-Item Short Form Health Survey was 
used, and the results of this questionnaire were compared with 
scores obtained from a cohort from the U.S. general population. 
The questionnaire is a standard survey that measures health-
related quality-of-life outcomes and measures each of eight 
health concepts (or domains) on a five-point Likert scale: physi-
cal functioning, role limitations due to physical disease, bodily 
pain, general health, vitality (energy and fatigue), social func-
tioning, role limitations due to emotional problems, and men-
tal health (psychological stress and psychological well-being). 
Scores for all but one of the health domains were significantly 
less in the study population than in the U.S. general population. 
The lowest scores were in the physical functioning domain.

Management
Management of erythromelalgia is difficult. There are no random-
ized controlled studies of treatments for erythromelalgia, and no 
single treatment is effective in all cases. The literature is replete 
with case reports and small case series describing a response to 
one treatment or another. When a larger group of erythromelalgia 
patients was surveyed, the majority reported that no treatment was 
very effective. Various treatments used in the management of eryth-
romelalgia have been reviewed.119

One algorithmic approach to the management of erythromelal-
gia is as follows:

1. General measures:
a. Patient education regarding the condition.
b. Avoidance of factors that precipitate events.
c. Judicious use of factors to relieve pain during symptoms.
d. Patient support groups such as the Erythromelalgia Association.

Clinical
History
Physical examination

Peripheral Vascular Laboratory
Studies of the following parameters in affected extremities, with and without 

symptoms:
Color change
Skin temperature and core temperature
Blood flow (laser Doppler flowmetry)
oxygen saturation (transcutaneous oximetry)
Ankle-brachial indices (ABis)

Neurological Evaluation
Electromyography
Autonomic nerve studies:

Quantitative sudomotor axon reflex test (QSART)
Heart rate response to deep breathing and Valsalva ratio (cardiovagal 

functioning)
Adrenergic function testing

Thermoregulatory sweat testing
Consultation with neurologist specializing in autonomic nerve studies if 

results of the above tests are abnormal

Box 50-2  Investigation Protocol for Patients 
Presenting with Erythromelalgia

modified from Davis mDP, Sandroni P, Rooke TW, et al: Erythromelalgia: vasculopathy, 
neuropathy, or both? A prospective study of vascular and neurophysiologic studies in 
erythromelalgia. Arch Dermatol 139:1337, 2003.91
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2. Topical medications:
a. Lidocaine patches.120,121

b. Amitriptyline/ketamine.122

3. Systemic medications (see later discussion).
4. Pain rehabilitation program.123

Aspirin3,36,42 has been reported to abolish erythromelalgia, espe-
cially in initial reports of the syndrome. It has become increasingly 
evident that aspirin may be effective in erythromelalgia due to 
myeloproliferative disease, but it is rarely effective in other forms 
of erythromelalgia.8,124

Increasingly, drugs acting on the nervous system are reported to 
be useful in inducing remission of disease or in controlling symp-
toms. These include selective serotonin reuptake  inhibitors (SSRIs) 
such as venlafaxine and sertraline,125,126 tricyclic  antidepressants 
such as amitriptyline,77 and anticonvulsants such as gabapentin.127 
Intravenous lidocaine followed by oral mexiletine128 induced remis-
sion in a patient with long-standing erythromelalgia. Topical capsa-
icin was helpful in one report129 but not in others.8  Benzodiazepines 
such as clonazepam are effective occasionally.72 Sympathectomy 
and sympathetic nerve blocks have been reported to both relieve 
and exacerbate erythromelalgia.16,130–133 Stereotactic thalamot-
omy,134 ankle nerve crushing and neurectomy,135 and spinal cord 
stimulation136 have been reported to be helpful. Drugs acting on 
the vascular system (vasoactive drugs) may be effective. β-Blockers 
such as propranolol137 and labetalol33 have been reported to be 
successful in single cases. Calcium antagonists have been reported 
to both relieve and exacerbate erythromelalgia.8,124 Various doses 
of magnesium have been reported to relieve symptoms.138 Sodium 
nitroprusside infusions may be helpful in children with erythrome-
lalgia,139–142 but one adult experienced worsening of the disease 
with this medication.124 Prostaglandin E1(PGE1), a potent vasodila-
tor and platelet inhibitor administered intravenously, has success-
fully induced remission.10,30,139 Iloprost, a synthetic prostacyclin 
analog, improved patients’ symptoms more than placebo did.143 
Use of ergot alkaloids, such as methysergide maleate, has been 
described in isolated case reports.82,144 Low-molecular-weight hep-
arin (LMWH) has been reported to exacerbate erythromelalgia.140

Control of pain is an extremely important factor in erythrome-
lalgia. Anesthetics have been used, including topical lidocaine 
(lidocaine patch),145 a combination of topical amitriptyline and 
ketamine,122 and epidural infusion of narcotic analgesic medica-
tions such as bupivacaine, sometimes in combination with other 
narcotic drugs.146–149 Narcotic analgesic drugs may be adminis-
tered by various routes—oral, intravenous, intramuscular (IM),150 
epidural,149 or intrathecal,151 alone or in combination with other 
drugs. Nonsteroidal antiinflammatory drugs (NSAIDs) such as 
piroxicam152 may be helpful occasionally.

Pizotyline, a benzocycloheptathiophene derivative used pri-
marily for migraine prophylaxis, has been used for erythromelal-
gia.33,153,154 Systemic corticosteroids, including prednisone155 and 
prednisolone,156 and growth hormone157 have been useful in sin-
gle cases. Antihistamines such as cyproheptadine158 have been 
reported to help, but many patients find them unhelpful.

A combination of pharmacological interventions may be of 
benefit.63,159 Nonmedicinal therapies such as acupuncture, biofeed-
back, hypnosis, and magnets have been variably effective.124,160

Pain rehabilitation is a useful method for managing pain-related 
impairment in physical and emotional functioning in patients with 
severe forms of erythromelalgia.123
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Pernio, commonly known as chilblains, is a cold-induced  localized 
inflammatory condition presenting as skin lesions predominantly on 
unprotected acral areas. Typically there is swelling of the dorsa of the 
proximal phalanges of fingers and toes (Fig. 51-1). Pernio is a Latin 
term meaning “frostbite.” Chilblains is an Anglo-Saxon term used 
in older literature and means “cold sore.” The  tissue and  vascular  
damage is less severe in pernio than in frostbite, in which the skin 
is actually frozen. The numerous names that were used to describe 
this syndrome created much confusion and  misunderstanding of this 
entity1 (Box 51-1). In the mid-1800 s, there were attempts to better clas-
sify the disease2 and in 1894, Corlett was the first to describe the clini-
cal characteristics of pernio, which he called dermatitis hiemalis.3

Epidemiology
The first epidemiological study to explicate the prevalence of chil-
blains and its impact on productivity in servicewomen was carried 
out in 1942 by the U.S. Medical Department of the War Office.4 The 
study concluded that at least 50% of questionnaire participants 
had chilblains by age 40 during World War II (1939-1943). Although 
 pernio is most common in young women, it has also been reported 
in all ages and both sexes.5–8 The number of reported cases of per-
nio is higher during times of wet near-freezing weather, and less 
common in dry freezing weather or in a bitterly cold climate.9 
Pernio is most commonly encountered in the northern and west-
ern parts of the United States; isolated cases have been reported in 
warmer climates in times of cooler damp weather.5,6,10–12

As shown by a recently reported cross-sectional study con-
ducted by the U.S. Army, the yearly rate of cold weather injuries 
declined from 38.2/100,000 in 1985 to 0.2/100,000 in 1999.13 This 
and other observations from clinical practice suggest that the 
 disease is becoming less common with higher standards of home 
and workplace heating and greater use of appropriate clothing 
during the cold winter months. Also, the study confirmed previ-
ous investigations that cold weather injuries in African American 
men and women occurred approximately 4 and 2.2 times as often, 
respectively, as in their Caucasian counterparts.

Pathophysiology
The first response to cold exposure is vasoconstriction in the  dermis 
and subcutaneous tissue. Heat loss is minimized by shutting down 
distal capillary beds and diminishing blood supply to the acral 
portions of the extremities to maintain central body temperature. 
Stasis and shunting of blood flow away from the superficial ves-
sels occurs secondary to arteriolar constriction, venular relaxation, 
and cold-associated increased blood viscosity. The result of these 
changes is superficial tissue anoxia and ischemia.7,9,14–16 The arteri-
olar vasoconstriction described in pernio has been demonstrated 
in pathological and radiographic studies.6,7 Female predominance 
may be related to increased responsiveness of their cutaneous 
 circulation to cold. Indeed, there is a higher frequency of vasomo-
tor instability, cold hands and feet, and Raynaud's  phenomenon in 
women.8,17–19

Humidity has an important role in the pathophysiology of per-
nio because it enhances air conductivity, promoting heat loss from 
the skin.5,8 Most individuals tolerate exposure to nonfreezing damp 
cold, but others may experience pernio, Raynaud's phenomenon, 
acrocyanosis, or cold urticaria.8,18 The clinical manifestations of 
cold injuries are related to duration, severity, and dampness of 
cold exposure as well as the individual's underlying predisposi-
tion to cold injury and the stage at which medical attention was 

sought.7 The exposed skin of affected subjects remains cool lon-
ger and warms slower than that of controls, further highlighting the 
importance of individual susceptibility for development of pernio 
after cold exposure.6–8,20 The increased incidence of pernio among 
relatives of affected patients suggests the possibility of genetic 
predisposition.4 Several other conditions have been proposed to 
promote vulnerability to the disease (Box 51-2).

Why one patient exposed to cold develops Raynaud's phenom-
enon and another pernio is unclear.   Raynaud's phenomenon and 
 pernio frequently coexist in the same patient, so these diseases  
may be part of a continuum, with Raynaud's phenomenon repre-
senting acute and readily reversible vasospasm, and pernio repre-
senting more prolonged vasospasm with more chronic changes.8,21

A number of conditions have been associated with pernio. 
Weston and Morelli reported the presence of cryoproteins in four 
of eight children presenting with pernio.11,22 Since cryoproteins 
and cold agglutinins may be detected transiently after viral infec-
tions, they hypothesized that exposure to cold wet weather during 
the brief cryoproteinemia may lead to exaggerated tissue injury 
manifesting as pernio. Pernio has been described both in women 
with large amounts of leg fat and in women with inadequate fat 
pads, as seen in anorexia nervosa.5–7

The possibility that pernio may be a manifestation of a 
 pre-leukemic state, namely the chronic myelomonocytic type, has 
been suggested in several case reports in which skin lesions and 
a clinical course similar to that of pernio were observed.5,23–25 In 
some of these cases, leukemia was diagnosed 6 to 36 months after 
the pernio-like illness.

Viguier et al. reported observations over 38 months on a cohort 
of 33 patients with severe chilblains, defined as duration of lesions 
greater than 1 month.21 Two thirds of the patients had clinical and/
or laboratory features supporting a diagnosis of connective tissue 
disorders: 12 patients had systemic lupus erythematosus (SLE) and 
10 patients presented with at least one of the American College of 
Rheumatology revised criteria for SLE at the time of the diagnosis of 
pernio. In the latter group, all patients except one had positive anti-
nuclear antibody (ANA) titers. These observations led the authors 
to conclude that when the lesions persist beyond the cold season, 
perniotic lesions may be a clue to underlying SLE. Therefore, tar-
geted laboratory investigations to search for  conditions listed in 
Box 51-2, as well as long-term follow-up, are recommended for 
patients who present with pernio.26

Histopathology
Although not routinely required to establish the diagnosis, biopsies 
are occasionally sought by healthcare providers unfamiliar with 
the disease.27 The histopathological features of perniotic lesions 
may vary depending upon the chronological stage of the disease 
and presence or absence of superimposed secondary pathology 
such as infection or ulceration.7,28,29

The characteristic histopathological features of pernio are 
usually seen in the dermis and subcutaneous tissue, but are not 
pathognomonic. These consist of edema of the papillodermis, vas-
culitis characterized by perivascular infiltration of the arterioles 
and venules of the dermis and subcutaneous fat by mononuclear 
and lymphocytic cells, thickening and edema of blood vessel walls, 
fat necrosis, and chronic inflammatory reaction with giant cell 
formation.8 Not all these changes are necessarily present, and fat 
necrosis and giant cell formation are frequently absent. The most 
consistent feature is perivascular lymphocytic or mononuclear 
infiltrates.28

C H A P T E R  51  Pernio (Chilblains)
Jeffrey W. Olin, Amjad Al Mahameed



614

CH 
51

Repeated episodes of vasospasm or prolonged vasospasm may 
cause tissue anoxia, thus causing the identical histopathologi-
cal picture that occurs in pernio.1 The histological pattern of per-
nio lesions may mimic cutaneous vasculitis but typically lacks 
fibrinoid deposition, inflammatory cells in the vessel wall, and 
thrombosis, typical of true vasculitis.5–7,11,27,29–33 Blood vessels in 
long-standing pernio resemble those of any chronic occlusive vas-
cular disease. The occlusion and fibrosis present are due to long-
standing injury; this histopathological appearance may be seen in 
many other types of vascular disease.

Review of published case series and case reports support the 
notion that pernio may display different and loosely related histo-
logical features.33 Cribier et al. retrospectively compared the biop-
sies of hand lesions from 17 patients with chilblains to those of  
10 patients with proven SLE and associated pernio-like hand 
lesions.27 The study included only acute lesions (<1 month dura-
tion) occurring during the cold period of the year. The most char-
acteristic finding in chilblains (47% of cases) was the association 
of edema and reticular dermis infiltrate that showed a periec-
crine reinforcement: dermal edema (70% of chilblains lesions 
vs. 20% of SLE lesions), superficial (papillary) and deep (reticu-
lar) infiltrate (82% vs. 80%), and deep perieccrine reinforcement 
(76% vs. 0%). The infiltrate was composed primarily of T cells, 
which were predominantly CD3+. Remarkably, 29% of the chil-
blain lesions in this group showed evidence of microthrombi 
(compared to 10% in the lupus group), usually a feature seen 
in vasculitis, and 6% had conspicuous vacuolation (compared to 
60% in the lupus group).

In another study, Viguier et al. prospectively studied  
33 patients with severe prolonged chilblains (i.e., lesions persisted 
>1 month) and attempted to differentiate the histopathological 
characteristics of lesions of “idiopathic” pernio from those of 
pernio-like lesions in patients with connective tissue diseases 
or lupus pernio.21 Skin punch biopsies were performed on 5 of 
11 patients of the “ idiopathic” pernio group, and these showed 
deep dermal,  perisudoral lymphocytic infiltrate (100%), der-
mal edema (75%), keratinocyte necrosis (62.5%), and keratino-
cyte vacuolization (50%). In comparison, biopsies from 7 of the  
12 patients with the diagnosis of SLE (LE chilblain), demonstrated 
perisudoral cellular infiltrate in only two patients (vs. 8/8 in the 
“idiopathic” chilblains group; P = .007). Biopsy is rarely needed to 
make the diagnosis of pernio, but a biopsy may be helpful in differ-
entiating atheromatous embolization from pernio in an ischemic-
looking lesion (Fig. 51-2).

Defective Cutaneous Vasomotor Reactivity
Raynaud's phenomenon
Acrocyanosis
Complex regional pain syndrome (reflex sympathetic dystrophy [RSD])
Anterior poliomyelitis
Syringomyelia
Livedo reticularis

Underlying Chronic Limb Ischemia
Peripheral artery disease (PAD)
Erythromelalgia (advanced stage)

Hyperviscosity Syndrome
Leukemia
Systemic lupus erythematosus (SLE)
Dysproteinemia (cryoproteins)

Abnormal Fat Distribution
Obesity with excess leg fat
Inadequate fat pads (anorexia nervosa)

Box 51-2  Categories of Diseases Associated with 
Pernio

Pernio
Chilblains
Nodular vasculitis
Erythrocyanosis
Erythrocyanose sur malléolair
Erythema induratum
Lupus pernio
Kibes
Perniosis
Dermatitis hiemalis
Frostschaeden
Erythrocyanosis frigida
Erythrocyanosis crurum puellaris
Bazin's disease
L'engelune
Cold panniculitis

Box 51-1  Different Names Used in the Literature to 
Describe Pernio or Pernio-like Conditions

A B

FIGURE 51-1 Typical changes 
of pernio on dorsal portion of 
toes (A) and on pads of toes (B). 
Distribution around nail beds (A) 
and swollen toes with brownish 
yellow lesions (B) are characteristic 
of pernio. At this stage, affected 
extremities often itch and burn.
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Clinical Features
Pernio most commonly affects females in adolescence and early 
adulthood, but may occur at any age and in either gender. 
The lesions typically affect the acral areas of the toes and the 
dorsa of the proximal phalanges but may involve the nose, ears, 
and thighs1–4,7,21,34–38 (Fig. 51-3). The location of the lesions seems to 
depend on occupation, lifestyle, and clothing habits. Hands and 

fingers appear more commonly affected in milkers and gardeners, 
the buttocks have been involved in women driving tractors in 
winter, and involvement of the lateral thighs have been described 
in women who wear thin pants and ride horses or motorcycles 
in winter.3,18,39–44 There was a recent report of perniotic lesions 
on the hips of young girls wearing tight-fitting jeans with a low 
waistband.45 The distal shins and calves are common sites of 
 involvement in young women who wear short skirts.46 Facial 
lesions have been described in infants and rarely in adults.21,47

Typically the initial presentation is one of acute pernio, where the 
lesions appear during the cold months and disappear when the 
weather warms up. This may recur for several years and follows 
a similar seasonal pattern.7,8 Lesions vary in shape, number, and 
size and usually are associated with functional symptoms such 
as itching, burning, or pain. They can be described as brownish, 
yellow, or cyanotic on a base of doughy subcutaneous swelling or 
erythema (see Figs. 51-1 and 51-3). They may be cool to the touch 
or cooler than surrounding skin. Acute lesions may be self-limited 
and resolve within a few days to few weeks (especially in chil-
dren) unless cold exposure persists, the lesions become infected, 
or the skin is broken by iatrogenic causes such as self-treatment 
with severe heat or vigorous massage.38,48 Otherwise, ulceration is 
not common in acute pernio, and when it happens, the lesions are 
 usually shallow with a hemorrhagic base7,8 (see Fig. 51-2).

Chronic pernio ensues if repeated and prolonged exposure to cold 
persists throughout the acute phase and/or the patient goes through 
several seasons of acute pernio. The lesions of chronic  pernio are 
similar to those seen in acute pernio but, if they occur over many 
seasons, may be associated with scarring, atrophy, permanent dis-
coloration, and possibly ulceration (see Fig. 51-2). Initially,  pernio 
may start late in the fall or early winter and resolve in early spring. 
If left untreated, the lesions of pernio may start earlier in the cold 
 season and resolve later, until eventually all seasonal  variation is lost.

Pernio tends to be more severe in adults and may,  if left untreated, 
eventually cause macrovascular occlusive disease.6,8 Children, on 
the other hand, tend to have recurrent acute pernio over several 
seasons.38 Although most children outgrow the disease, middle-
aged individuals presenting with pernio may occasionally recall a 
history of acute pernio during childhood. Several different forms 
of pernio have been described.

Milker's pernio usually affects the hands and could be debili-
tating and force the affected individual to quit milking42 (Fig. 51-4). 
Kibe is defined as a chapped or inflamed area on the skin, espe-
cially on the heel, resulting from exposure to cold or an ulcerated 
chilblain.49 This has been described in overweight women who 
ride horses and wear tight pants, in women who ride motorcy-
cles and wear thin pants, and in men who cross cold rivers with 
their thighs inadequately clothed.18,39 Lesions tend to localize on 
the outer thighs and often cause severe pain and disability. The  
pain may last up to a week and usually resolves once the lesions 
heal.18 A similar form has been described in women who drive 
tractors in winter, who tend to have lesions on the buttocks.44

FIGURE 51-2 Advanced stage of pernio. Toes are cyanotic, and there is a 
shallow ulcer on right third toe. This stage of pernio is often quite painful and 
may be mistaken for atheromatous embolization in the elderly patient.

FIGURE 51-3 Typical appearance of pernio. Note characteristic bulbous 
swelling and brownish yellow appearance of left third toe. Flaking, itching, 
burning, and pain are common.

A B

FIGURE 51-4 This woman was 
exposed to a cold wet climate, 
resulting in pernio. Note brown 
and yellow flaking lesion on thumb 
(A) and healing lesions on index and 
ring fingers (B).
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Lupus pernio applies to papular lesions involving the extremities 
and is associated with SLE.50 Whether this is a subtype of pernio 
or a pernio-like lupus manifestation remains controversial. Some 
authors suggested that most lupus pernio patients have lesions on 
the hands, but this anatomical localization was not a differentiating 
factor between idiopathic pernio and lupus pernio according to 
others.8,21,26 Features that suggest pernio secondary to SLE include 
onset of pernio during the third decade, female sex, African origin, 
and presence of pernio long after the cold weather has abated.

Erythrocyanosis affects adolescent girls and young women and 
typically involves the lower extremities. Some have classified this 
as the “nodular chronic form” of pernio; lesions take on a swollen, 
dusky red appearance.8

Diagnosis
Pernio usually is not difficult to diagnose. A comprehensive his-
tory and complete physical exam are the primary means by which 
the diagnosis of pernio can be correctly established. Chronological 
correlation between nonfreezing cold and onset of typical lesions 
that improve with onset of warm weather should strongly suggest 
the diagnosis.

Within hours of exposure to damp cold, and commonly at 
the onset of winter, the patient develops violet or yellow blisters, 
brown plaques, or shallow ulcers on the toes, which often burn, 
itch, or become painful. These lesions typically disappear when the 
weather warms up at the beginning of spring. However, in some 
chronic cases in which the lesions do not disappear in warm 
weather, or in which the lesions cause severe pigmentation and 
disfiguration of the lower part of the leg, the diagnosis may be more 
difficult.

The main obstacle to establishing the diagnosis of pernio is 
unfamiliarity of the healthcare provider with the disease. Since 
many of the dermatological manifestations associated with per-
nio overlap with other serious diseases, it is not uncommon for 
pernio patients to be subjected to unnecessary investigations and 
suffer needless delay in proper treatment.5,47,51 Characteristically, 
peripheral pulses and peripheral blood pressure measurements 
are normal unless the patient has underlying peripheral artery 
disease (PAD) or the pernio has been of such long duration that 
chronic occlusive vascular disease has developed.6 Pulse volume 
recordings (PVR) and segmental blood pressures may be abnor-
mal in patients with pernio. This may be due to either vasospasm 
(the study will normalize with warming of the extremity) or fixed 
vascular disease due to long-standing pernio.52

Because the diagnosis of pernio is a clinical diagnosis, sophis-
ticated laboratory tests are often not needed, but it is important 
to rule out other entities that can mimic pernio. The following 
tests may be obtained: complete blood cell count (CBC) with dif-
ferential, ANA titer, rheumatoid factor (RF), comprehensive met-
abolic panel, cryoglobulin, cryofibrinogen, cold agglutinin, and 
serum viscosity measurements. Arteriography and skin biopsy are 
not warranted to establish the diagnosis of pernio, except in the 
occasional case where a clear history could not be obtained or 
a concomitant vascular pathology (e.g., atheromatous emboliza-
tion) is suspected.

The differential diagnosis of pernio includes a variety of diseases. 
Atheromatous emboli (blue toe syndrome) is the most challeng-
ing diagnostic entity to differentiate from pernio because similar 
lesions may be present in each disorder (see Chapter 47).53 When 
the history of cold exposure is uncertain and in patients with 
established or suspected atherosclerosis, imaging studies often are 
warranted to demonstrate atheroma in the aorta or iliac vessels. 
A biopsy of these lesions showing characteristic cholesterol clefts 
establishes the diagnosis of atheromatous emboli.53

The next group of diseases that may be confused with per-
nio include those with chronic recurrent erythematous, nodular, 
and ulcerative lesions: erythema induratum, nodular vasculitis, 
erythema nodosum, and cold panniculitis. Erythema induratum 
(Bazin's disease) is often but not always a cutaneous form of  

tuberculosis that affects adolescent girls and is manifested by nod-
ular ulcerating lesions of the calves.7,54 Nontuberculous forms of 
recurrent painful nodules are called nodular vasculitis.54 Women 
over the age of 30 years are usually affected, and no apparent 
cause is known. Although the nodules of nodular vasculitis are 
extremely painful, they rarely ulcerate. Erythema nodosum may be 
differentiated from pernio in that it may be associated with fever, 
arthralgias, malaise, and an underlying disease. The lesions are 
painful and generally do not ulcerate. Cold panniculitis is another 
important entity characterized by painful nodules that appear on 
the skin after cold exposure and can be reproduced by application 
of an ice cube. The histology of these lesions reveals fat necrosis.55 
The palpable purpuric lesion sometimes present in pernio must 
be  differentiated from other types of vasculitis, especially leukocy-
toclastic vasculitis. Lack of the systemic manifestations and labo-
ratory abnormalities that occur in leukocytoclastic vasculitis and 
the relation of the lesions to cold exposure in pernio serve to sepa-
rate these two conditions. Rarely, a skin biopsy may be needed to 
make a definitive diagnosis.

Treatment
Since the primary trigger for development of pernio is cold expo-
sure, prevention is the mainstay of management. Working in a 
damp cold basement or living in a poorly heated apartment may 
necessitate change of profession or moving to a properly heated 
residence. Patients do not always volunteer information about 
the climate of their residence and workplace, so the physician 
may need to ask specifically about the quality of heating sys-
tems and the degree of humidity present. The patient should 
be instructed on methods of proper dress. Adequate body insula-
tion with gloves, stockings, footwear, and headwear may be needed.  
As is the case in the treatment of Raynaud's phenomenon, the 
entire body must be kept warm.

A dihydropyridine calcium channel blocker, such as nifedip-
ine, is quite effective in patients with pernio. In a double-blind 
placebo-controlled randomized crossover pilot study, Dowd et al. 
reported that treatment with 20 mg of nifedipine three times 
daily, when given shortly after the appearance of lesions, led to 
resolution of the lesions within 7 to 10 days, compared to 20 to 
28 days with placebo. In addition, the pain disappeared within 
5 days in the treated group, compared to 20 to 25 days in the 
group receiving placebo.56 In a double-blind placebo-controlled 
randomized trial, Rustin et al. have shown that nifedipine given 
at a daily dose of 20 to 60 mg was shown to reduce severity of 
symptoms, shorten their duration, enhance resolution of existing 
lesions, and prevent development of new lesions.57 Based upon 
these studies and the authors’ experience, all patients are pre-
scribed either nifedipine or amlodipine to facilitate healing of 
the lesions and prevent their recurrence. Others have had suc-
cess with α-blocking agents such as prazocin.52 When spring and 
summer approach, the medications can be discontinued and 
then restarted the following fall. These pharmacological thera-
pies should be used in conjunction with other  preventive strate-
gies already discussed.

A recent study reported improvement in symptoms in four 
of five patients treated with hydroxychloraquin.58 However, it 
should be noted that all four of the patients showing improve-
ment had an underlying connective tissue disease (Sjögren's 
syndrome [1], SLE [2], or a family history of connective tissue 
disease [1]).

Despite speculation that it may enhance resolution of active 
lesions and provide subjective improvement, sympathectomy does 
not prevent recurrence of new lesions and has little effect if any 
on pigmentation and thickness at the sites of perniotic lesions. 
Conflicting reports exist about use of other treatment modalities 
such as topical vasodilators, topical or systemic corticosteroids, 
calcium, vitamin D, and intramuscular (IM) vitamin K. Given the 
controversy and lack of prospective studies, routine use of these 
agents is not recommended.8,19
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C H A P T E R  52  Venous Thrombosis
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Definitions
Deep vein thrombosis (DVT) refers to an obstruction of a deep vein 
by thrombus, usually in the legs or pelvis but occasionally in the 
arms. Thrombus from these sites can travel to the lungs to  produce 
pulmonary embolism (PE), which occurs when the thrombus 
obstructs a pulmonary artery. This process is known as venous 
thromboembolism (VTE). Blockage of blood flow through the 
lungs and the resultant increased pressure in the right ventricle are 
responsible for the symptoms and signs of PE,1 whereas obstructed 
outflow of blood from occluded veins in the legs or arms produces 
symptoms and signs of DVT.

Epidemiology
Venous thromboembolism, which includes DVT and PE, rep-
resents the third most  common cause of cardiovascular death 
after myocardial infarction (MI) and strokes. A first episode of 
VTE occurs in about 1 person per 1000 each year in the United 
States.2 The incidence rises exponentially with age, with 5 cases 
per 1000 persons per year by the age of 80 years. Although men 
and women are affected equally, the incidence is higher in 
Caucasians and African Americans than in Hispanic persons and 
Asian Pacific Islanders.3

Approximately one third of patients with symptomatic VTE pres-
ent with PE; the remainder present with DVT alone.4 Up to half of 
patients with a first episode of VTE have no identifiable risk factors 
and are described as having unprovoked or idiopathic VTE. The 
remainder develop VTE secondary to well-recognized  transient risk 
factors such as surgery or immobilization. Pulmonary embolism 
accounts for an estimated 15% of deaths in hospitalized patients, 
with at least 100,000 deaths from PE each year in the United States.

Pathobiology
Pulmonary embolism and DVT are part of the spectrum of VTE 
and share the same genetic and acquired risk factors that deter-
mine the intrinsic risk of VTE for each individual5 (Fig. 52-1). 
Genetic risk factors include abnormalities associated with hyper-
coagulability of the blood, the most common of which are factor 
V Leiden and the prothrombin 20210 gene mutations. Acquired 
risk factors include advanced age, history of previous VTE, obe-
sity, and active cancer, all of which limit mobility and may be  
associated with hypercoagulability. Superimposed on this back-
ground risk, VTE often occurs in the presence of a triggering 
factor that increases risk above the critical threshold. Such 
triggering factors (e.g., surgery, pregnancy, estrogen therapy)  
lead to vascular damage, stasis, and/or hypercoagulability, the 
components of Virchow's triad.

In at least 90% of patients, PE originates from DVT in the 
lower limbs, and up to 70% of patients with proven PE still have 

 demonstrable DVT upon presentation. Thrombi usually start in 
the calf veins.4 About 20% of these calf vein thrombi then extend 
into the popliteal and more proximal veins of the leg, from which 
they are more likely to embolize. Although often asymptomatic, 
PE can be detected in about 50% of patients with proximal DVT. 
Upper-extremity DVT involving the axillary and/or  subclavian 
veins also can give rise to PE, but only 10% to 15% of such 
patients develop PE. Upper-extremity DVT most often occurs 
in patients with cancer, particularly those with indwelling cen-
tral venous catheters. Unprovoked upper-extremity DVT, usually 
involving the  dominant arm, can occur with strenuous effort—
the so-called  Paget-Schroetter's syndrome.6

Clinical Manifestations
Recognizing VTE can be challenging because the symptoms and 
signs of both DVT and PE are neither sensitive nor specific for 
these disorders.1 A high index of suspicion is needed because DVT 
is often asymptomatic, and many cases of fatal PE go unsuspected 
prior to death. The clinical suspicion of VTE should be prompted 
by a constellation of risk factors, symptoms, signs,  findings on 
 electrocardiography, chest radiography, echocardiography, and 
blood test results. Although clinical assessment alone is insuffi-
cient to establish or exclude the diagnosis of VTE, clinical predic-
tion rules are useful for establishing a pretest probability in which 
patients can either be classified as being at low, medium, or high 
 probability of having DVT and/or PE, or as being unlikely or likely 
to have DVT and/or PE based on the estimated prevalence of the 
disease. Therefore, clinical pretest probability assessment serves as 
the root of algorithms for the diagnosis of DVT and PE.7

Symptoms and Signs
Although most DVT originates in the calf veins, symptoms and 
signs are uncommon until there is extension into the more 
 proximal veins, which obstructs outflow of blood from the leg. 
The symptoms and signs of DVT may be acute and progressive, or 
they may resolve spontaneously if the thrombus undergoes lysis 
or embolism. Clinical manifestations of DVT may include tender-
ness or pain, swelling, and warmth and erythema of the skin. Pain 
on forced dorsiflexion of the foot (Homans sign) is neither sensi-
tive nor specific for DVT. The differential diagnosis of DVT should 
be framed in the context of clinical presentation and underlying 
risk factors for VTE. Trauma, cellulitis, ruptured Baker cyst, muscu-
loskeletal pain, or asymmetrical swelling unrelated to DVT may 
produce signs and symptoms compatible with acute DVT.

Diagnosis of Deep Vein Thrombosis
Because the clinical features are nonspecific, diagnosis of DVT 
requires objective testing. Patients who need such testing can 
be identified by their pretest likelihood of DVT, using validated 
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 clinical prediction rules (Table 52-1) that include components 
of the  clinical assessment, presence of risk factors for VTE, and 
absence of an alternative diagnosis to explain the symptoms and 
signs.8 Based on the results of such an assessment, the pretest like-
lihood of VTE can be designated either as low, moderate, or high, 
or as unlikely or likely, and this assessment then guides subsequent 
selection of blood tests, such as the D-dimer assay, and noninvasive 

or invasive tests for definitive diagnosis of DVT. Tests for diagno-
sis of DVT also are relevant in patients with suspected PE because 
a diagnosis of proximal DVT in such patients provides sufficient 
grounds for  initiation of treatment, and the treatment of DVT and 
PE are usually the same. Noninvasive tests include computed tomo-
graphic (CT) pulmonary angiography or ventilation/perfusion 
(V/Q) lung scanning for diagnosis of PE, and venous compression 
ultrasound for diagnosis of DVT. These tests have largely replaced 
 pulmonary  angiography (for the diagnosis of PE) and venography 
(for the diagnosis of DVT).

Diagnostic Tests
D-DIMER

A plasmin-derived degradation product of cross-linked fibrin, 
D-dimer can be measured in whole blood or plasma to provide 
an indirect index of ongoing activation of the coagulation  system. 
Sensitivity of an elevated D-dimer level for the diagnosis of VTE 
ranges from 85% to 98%, but all available D-dimer assays have low 
specificities.9 False-positive D-dimer elevations can occur with 
advanced age, chronic inflammatory conditions, malignancy, and 
during the later stages of pregnancy and the postpartum period. In 
addition, hospitalized patients are more likely to have an elevated 
D-dimer level than outpatients, which renders the test less useful 
in this setting. Because of this lack of specificity, the value of the 
D-dimer assay resides with its high negative predictive value and 
the ability of a normal D-dimer to reduce the probability of VTE 
sufficiently to avoid further diagnostic testing in patients with a low 
or moderate pretest likelihood, who represent up to 30% of patients 
with suspected VTE.

COMPRESSION ULTRASOUND

The diagnosis of DVT (also see Chapter 12) is usually based on 
venous compression ultrasound (Fig. 52-2), which has a sensitivity 
and specificity of about 95% for the diagnosis of proximal DVT.10 For 
calf DVT, the sensitivity of compression ultrasound is only about 73%. 
Because of the reduced sensitivity for detection of calf DVT, many 
centers restrict ultrasound testing to the proximal veins and only 
scan the region of the calf veins where they join the  popliteal vein.

VARIABLE POINTS

Predisposing Factors
Active cancer 1
Paralysis, paresis, or recent cast immobilization 1
Bedridden more than 3 days or recent major surgery 1
Previous VTE 1

Symptoms
Localized tenderness along deep veins 1
Swelling of entire leg 1

Signs
Calf swelling over 3 cm compared with asymptomatic limb 1
Pitting edema 1
Collateral superficial veins 1

Clinical Judgment
Alternative diagnosis at least as likely − 2

CLINICAL PROBABILITY TOTAL POINTS

Low <1

Intermediate 1-2

High >2

Unlikely <2

Likely ≥2

TABLE 52-1  Wells Clinical Prediction Model for Likelihood 
of Deep Vein Thrombosis

VTE, venous thromboembolism. 
Adapted from Scarvelis D, Wells PS: Diagnosis and treatment of deep-vein thrombosis. CMAJ 
175:1087–1092, 2006.

Thrombosis

Thrombosis
Threshold

Triggering
Factors

Surgery
Immobilization
Pregnancy
Estrogens

Intrinsic Thrombosis
Risk

Hereditary Risk
Factors

Acquired Risk
Factors

Advanced age
Previous VTE
Cancer
Obesity
Antiphospholipid antibodies

Factor V Leiden
Prothrombin gene mutation
Protein C deficiency
Protein S deficiency
Antithrombin deficiency

+

++

FIGURE 52-1 Thrombosis threshold. Hereditary and acquired 
risk factors combine to create an intrinsic risk of thrombosis 
for each individual. This risk is increased by extrinsic triggering 
factors. If intrinsic and extrinsic forces exceed a critical threshold 
where thrombin generation overwhelms protective mechanisms, 
thrombosis occurs.  VTE, venous thrombembolism.
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COMPUTED TOMOGRAPHIC VENOGRAPHY

When combined with CT pulmonary angiography, CT venography 
is a simple test to diagnose DVT because both tests require only 
one injection of contrast dye. Compared with CT pulmonary angi-
ography alone, the combination of CT pulmonary  angiography plus 
CT venography increases sensitivity from 83% to 90%, but specific-
ity remains unchanged, thereby resulting in only a  modest increase 
in negative predictive value.8 Computed tomography venography 
adds significant radiation exposure and only marginally increases 
overall detection rate, so venous compression ultrasound is pre-
ferred because it  provides the same information without exposing 
patients to ionizing  radiation. Standard venography is not recom-
mended in patients with suspected PE.

CONTRAST VENOGRAPHY

Although contrast venography remains the gold standard for 
diagnosing DVT,11 the test is rarely performed in many centers  
(see Fig. 52-2). Venography is generally safe, but it can be uncom-
fortable and may be complicated by hypersensitivity reactions or 
superficial phlebitis. If the test is available, it should be considered 
when noninvasive testing is not diagnostic.

Diagnostic Strategies
Diagnostic strategies usually start with assessment of the pretest 
probability of VTE, using validated risk assessment models for 
either DVT (see Table 52-1) or PE (see Chapter 14),  depending on 
the clinical presentation.12 Patients can be classified as  having a low, 
intermediate, or high pretest likelihood of VTE, or as being unlikely 

or likely to have VTE, and can then undergo further  evaluation 
according to the appropriate algorithm.

ALGORITHM FOR DIAGNOSIS OF DEEP VEIN 
THROMBOSIS

Patients with a low pretest likelihood of DVT or those unlikely to 
have DVT should undergo D-dimer testing (Fig. 52-3). A negative 
D-dimer test excludes the diagnosis of DVT, whereas a  positive test 
should prompt compression ultrasound examination.13 A nega-
tive ultrasound excludes the diagnosis, whereas a positive test 
establishes it. Patients with an intermediate or high pretest likeli-
hood of DVT or those likely to have DVT should be sent directly 
for compression ultrasound examination. A positive compression 
ultrasound establishes the diagnosis. If the ultrasound is negative, 
it is helpful to then perform D-dimer testing. If the D-dimer test is 
negative, the diagnosis of DVT can be excluded. In contrast, a posi-
tive D-dimer test should prompt a follow-up compression ultra-
sound in 1 week to exclude the possibility of calf DVT with interval 
extension. Follow-up ultrasound testing in 1 week should be done 
 routinely if D-dimer testing is not performed. The diagnosis of DVT 
can be excluded if the follow-up test is negative.

Whole-leg compression ultrasound examination can prevent 
the need for a follow-up examination in 1 week.14 This more time-
consuming technique, which involves careful evaluation of the 
entire venous system, requires a high-performance scanner and 
an experienced operator. The advantage of this approach is that 
it will detect calf DVT as well as those in the more proximal veins. 
However, the accuracy of compression ultrasound for detection 
of calf DVT is lower than that for proximal DVT. Consequently, 

FIGURE 52-2 A venogram and 
venous compression ultrasound  
(CUS) demonstrating deep vein 
thrombosis (DVT). Venogram 
reveals intralu minal filling defect in 
proximal femoral vein, extending into 
iliac vein. CUS examination reveals 
noncompressibility of common femoral 
vein (A and B).

A

B
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 whole-leg  ultrasound examination should only be performed in 
centers where the test has been validated.

OTHER TESTS

Once a diagnosis of DVT has been established, other routinely 
ordered tests should include a complete blood cell count (CBC), 
platelet count, baseline international normalized ratio (INR), and 
activated partial thromboplastin time (APTT) to help guide antico-
agulation. A creatinine (Cr) level and blood urea nitrogen (BUN) 
level also provide useful information to guide the choice of therapy, 
as do serum electrolytes and liver enzymes.

Thrombophilia testing has been advocated to identify patients 
with unprovoked (idiopathic) VTE who are at high risk of recur-
rence and who may therefore benefit from indefinite anticoagu-
lation therapy. Although the common inherited thrombophilic 
disorders (see Fig. 52-1) are predictive of an increased risk of first-
ever VTE, they do not appear to be associated with an increased 
risk of recurrence in patients who have already had an episode of 
VTE. Consequently, the results of thrombophilia testing rarely alter 
clinical management.15 Exceptions may include rare patients who 
are homozygous for factor V Leiden or prothrombin gene muta-
tions, those with antithrombin, protein C, or protein S deficiency, 
patients with more than one thrombophilic disorder, and those 
with antiphospholipid antibody syndrome; such patients may 
 benefit from long-term anticoagulation treatment (see Treatment).

Treatment
Although anticoagulant therapy remains the mainstay of treatment 
of VTE, patients with severe PE may require urgent reperfusion 
therapy to increase blood flow to the pulmonary arteries, thereby 
reducing pulmonary artery pressure. Therefore, rapid risk stratifica-
tion is crucial to help guide treatment (see Chapter 14). The role 
of reperfusion therapy in patients with DVT is less clear. Venous 
thromboembolism patients who have contraindications to antico-
agulant therapy may require insertion of an inferior vena cava filter.

Reperfusion Therapy
Patients with severe PE associated with hypotension or shock may 
benefit from pharmacological, mechanical, or surgical reperfusion 
therapy. Pharmacological reperfusion therapy involves systemic 

administration of a fibrinolytic agent. Mechanical reperfusion 
includes percutaneous catheter embolectomy with thrombus 
fragmentation, an approach that avoids the need for fibrinolytic 
drugs altogether,16 or catheter-directed fibrinolytic therapy, which 
requires lower doses of fibrinolytic agents than used for systemic 
administration. In some centers, surgical pulmonary embolectomy 
may be an option for patients who have severe PE and are at high 
risk for bleeding with systemic fibrinolytic therapy or who have 
failed such treatment.17 Mechanical techniques require skilled 
operators but provide useful alternatives to systemic fibrinolytic 
therapy for patients who have severe PE and are at high risk for 
bleeding.

The role of reperfusion therapy for DVT is less certain.18 Typically, 
such treatment is reserved for patients with extensive DVT  
 involving the iliac and femoral veins. Systemic fibrinolytic 
therapy is rarely effective in this setting, so catheter-directed 
fibrinolysis or pharmacomechanical therapy is preferred. 
Pharmacomechanical therapy, which involves the use of clot mac-
eration or extraction devices in conjunction with fibrinolytic ther-
apy, not only produces more rapid lysis than that achieved with 
catheter-directed fibrinolytic therapy but is also associated with less 
bleeding because lower doses of fibrinolytic drugs are employed.

Although there is mounting evidence that reperfusion therapy 
results in higher rates of patency than are achieved with antico-
agulant therapy alone, which lowers the risk of postthrombotic 
syndrome, definitive evidence of long-term benefit is lacking. 
Consequently, reperfusion therapy should only be considered 
for patients who are at low risk of bleeding and for those whose 
life expectancy is such that delayed benefits may be realized. 
For patients with extensive iliofemoral DVT or inferior vena cava 
thrombosis that is threatening the limb, reperfusion therapy may 
be the best option. In patients with less extensive DVT involving 
the iliac-femoral or femoral-popliteal veins, an ongoing clinical 
trial is assessing whether reperfusion therapy results in more rapid 
improvement in symptoms and reduces the risk of postthrombotic 
syndrome compared with anticoagulation therapy alone (www.
clinicaltrials.gov: NCT00790335).

Anticoagulation Therapy
Anticoagulation therapy is the cornerstone of VTE treatment 
and should be initiated immediately with parenteral anticoagu-
lants such as heparin, low-molecular-weight heparin (LMWH), or 

Suspected DVT

Determine pretest probability

Low

D-dimer CUS

Moderate or high

Negative

No DVT

Positive

CUS

Negative

No DVT

Positive

DVT

Positive

DVT

Negative

D-dimer

Positive

Repeat CUS
in 5-7 days

Negative

No DVT

FIGURE 52-3 Clinical management 
of patients with suspected deep 
vein thrombosis (DVT). CUS; venous 
compression ultrasound.
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fondaparinux, even while patients with suspected VTE are  awaiting 
results of confirmatory tests.19 Heparin is generally  preferred in 
patients with severe PE or extensive DVT because neither LMWH 
nor fondaparinux has been well evaluated in this setting. Heparin 
also should be used in patients with severe renal impairment 
(Cr clearance <30 mL/min) because LMWH and fondaparinux 
are cleared by the kidneys. If LMWH or fondaparinux is used for 
extended periods in patients with moderate renal impairment 
(Cr clearance of 30 to 50 mL/min), anti–factor Xa levels should 
be measured at trough to ensure there is no accumulation.

Heparin should be administered by continuous intrave-
nous (IV) infusion and dosed using weight-based nomograms. 
Typically, an 80 unit/kg bolus is followed by an infusion at the 
rate of 18 units/kg/h, and subsequent doses are adjusted based 
on results of the APTT.20 Rapid achievement and maintenance 
of a therapeutic APTT are important to reduce the risk of recur-
rent VTE. In addition to APTT monitoring, platelet count should 
be measured frequently because of the risk of heparin-induced 
thrombocytopenia (HIT).

Low-molecular-weight heparin or fondaparinux can be used 
for the majority of patients with DVT, using the regimens illus-
trated in Table 52-2.19 Unlike heparin, these agents do not 
require coagulation monitoring. In addition, the risk of HIT is 
lower with LMWH than with heparin, and the risk is minimal with 
fondaparinux. Out-of-hospital management is safe for low-risk PE 
patients and for most patients with DVT. In PE patients at inter-
mediate risk, outpatient management can be considered, but brief 
admission to  hospital may be a safer approach.

After initial treatment with a parenteral anticoagulant, most 
patients with VTE receive extended therapy with a vitamin K antag-
onist (e.g., warfarin) to prevent recurrent DVT and PE. In most 
patients with DVT, warfarin can be started on the same day par-
enteral anticoagulant therapy is initiated. Parenteral anticoagulant 
therapy should be continued for at least 5 days and should only 
be stopped when the INR has been within the therapeutic range 
of 2 to 3, which is needed for long-term therapy, for 2 consecutive 
days. Initiation of warfarin therapy should be delayed in patients 
with extensive DVT involving the iliac-femoral veins; such patients 
should receive treatment with a parenteral anticoagulant until they 
have stabilized.

There are several emerging options to replace warfarin. These 
include dabigatran etexilate, an oral thrombin inhibitor,21 and riva-
roxaban, apixaban, and edoxaban, which are oral factor Xa inhibi-
tors. With no food interactions and few drug-drug interactions, 
these new oral anticoagulants produce such a predictable level 
of anticoagulation that they can be given in fixed doses without 
routine coagulation monitoring.22 In patients with VTE, rates of 
recurrent VTE and bleeding were similar with dabigatran (150 mg 
twice daily) and dose-adjusted warfarin. Dabigatran etexilate has 
been licensed as an alternative to warfarin for stroke prevention 
in patients with atrial fibrillation,23 but the drug has not yet been 
approved for VTE treatment.

Rivaroxaban has been compared with conventional anticoagu-
lation therapy (LMWH followed by warfarin) in patients with DVT24; 

a study in PE patients has been completed, but results have not yet 
been reported. In DVT patients, rates of recurrent VTE and bleeding 
with rivaroxaban (15 mg twice daily for 3 weeks, followed by 20 mg 
once daily thereafter) were similar to those with conventional anti-
coagulation therapy. Ongoing trials are investigating apixaban or 
edoxaban as other alternatives to warfarin.

Patients who develop VTE as a complication of a reversible 
risk factor such as surgery, trauma, or medical illness have a 
low risk of recurrence when anticoagulant therapy is stopped.19 
Consequently, a 3-month course of warfarin therapy represents ade-
quate  treatment in such patients, provided their risk factors have 
resolved. Women who develop VTE with estrogen therapy also can 
be treated for 3 months, provided hormonal treatment is withdrawn.

In contrast, patients with unprovoked VTE have a higher rate of 
recurrence when anticoagulant therapy stops, and often receive 
longer-duration treatment. Some experts recommend indefinite 
anticoagulant therapy, provided risk of bleeding remains low.19 At 
1 month after stopping anticoagulant therapy, an elevated D-dimer 
level or residual venous compression ultrasound abnormalities 
identify patients at higher risk for recurrence who may  benefit from 
indefinite anticoagulation therapy.25,26 After a minimum 3-month 
course of usual-intensity warfarin (target INR between 2 and 3), a 
lower-intensity regimen (target INR between 1.5 and 2.0) may sim-
plify management by decreasing frequency of INR monitoring and 
reducing risk of bleeding, but the risk of recurrent VTE is slightly 
higher with this lower-intensity warfarin regimen.27

Caval Filters
Inferior vena cava filters, which are inserted percutaneously, are 
usually placed below the level of the renal veins, but can be placed 
higher for thrombus in the inferior vena cava. Both permanent and 
retrievable filters reduce the risk of recurrent PE but have not been 
shown to prolong survival, possibly because permanent filters can 
be associated with long-term complications that include inferior 
vena cava occlusion due to thrombus, recurrent DVT, and post-
thrombotic syndrome.28 Retrievable filters, designed to be removed 
within 2 to 4 weeks of implantation, can circumvent these long-
term complications, but device migration or thrombosis occur in 
up to 10% of patients with temporary filters because the majority 
are not removed. Owing to these potential problems, caval filters 
should be restricted to patients who have high risk for recurrent 
PE and an absolute contraindication for anticoagulation, such as 
patients who develop a PE in the lead-up to or shortly after major 
surgery, those who experience major bleeding with anticoagulant 
therapy, or pregnant women who have a PE shortly before delivery. 
Retrievable filters should be used in these cases, and the devices 
should be removed as soon as anticoagulant therapy can safely be 
administered. Permanent filters are suitable for patients who have 
ongoing contraindications to anticoagulation. If a permanent filter 
is implanted, lifelong anticoagulation therapy should be consid-
ered once the contraindications have resolved, so as to reduce the 
risk of clotting of the filter.29

Specific Patient Subgroups
Patients with VTE in the setting of active cancer, women who 
 suffer VTE during pregnancy, and patients with chronic thrombo-
embolic pulmonary hypertension require special treatment. In 
addition, management of upper-extremity DVT and superficial 
 thrombophlebitis also are worthy of comment.

CANCER

Active cancer and its treatment with chemotherapy, radiation ther-
apy, and growth factors or other biological agents increase the risk 
of VTE.30 Patients with advanced cancer often have limited mobil-
ity, which adds to their risk of VTE. In addition, indwelling central 
venous access catheters can trigger upper-extremity DVT, which 
can lead to PE. Therefore, the index of suspicion should be high in 
cancer patients who present with symptoms and signs  suggestive 

AGENT DOSE INTERVAL

Enoxaparin 1 mg/kg Twice daily
1.5 mg/kg Once daily

Dalteparin 100 units/kg Twice daily
200 units/kg Once daily

Tinzaparin 175 units/kg Once daily

Fondaparinux 5 mg (weight <50 kg) Once daily
7.5 mg (weight 50-100 kg) Once daily
10 mg (weight >100 kg) Once daily

TABLE 52-2
  Low-Molecular-Weight Heparin and 

Fondaparinux Regimens for Treatment 
of Venous Thromboembolism
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of PE and/or DVT.31 With advances in diagnostic imaging, incidental 
PE may be discovered on CT scans performed for staging purposes 
or for monitoring response to treatment. Although 20% of patients 
with VTE have an underlying malignancy, there is no evidence  
of a benefit of routine cancer screening in patients with VTE.32

As in patients without cancer, initial treatment of VTE in cancer 
patients involves administration of a rapidly acting parenteral anti-
coagulant. For extended treatment, however, LMWH reduces the 
risk of recurrent VTE to a greater extent than warfarin.33 In addition, 
in the face of poor nutritional intake, severe nausea and vomiting, 
transient thrombocytopenia, or invasive procedures, LMWH is eas-
ier to manage than warfarin.

Cancer patients who develop VTE after curative surgery or with 
adjuvant chemotherapy for limited-stage disease should be treated 
for at least 3 months or until they have completed their chemother-
apy. Those with VTE against a background of advanced cancer have 
a risk of recurrence of at least 20% in the first year after  stopping 
anticoagulant therapy, so they require indefinite treatment.21

VENOUS THROMBOEMBOLISM IN PREGNANCY

Treatment of VTE in pregnancy centers mainly on heparin or 
LMWH because, unlike warfarin, these agents do not cross the 
placenta.34 Although both agents can be given subcutaneously, 
weight-adjusted LMWH has advantages over heparin because it 
can be given once daily without routine monitoring, and because 
the risks of HIT and osteoporosis are lower with LMWH than with 
heparin.35 Anti–factor Xa monitoring of LMWH should be consid-
ered in women at extremes of body weight or in those with renal 
impairment. Fondaparinux should be considered for pregnant 
women who have a history of HIT or develop injection-site reac-
tions to heparin or LMWH.

Heparin or LMWH should be continued throughout pregnancy. 
Warfarin must be avoided because it crosses the placenta and can 
cause bone and central nervous system (CNS)  abnormalities, 
fetal hemorrhage, or placental abruption.36 During labor and 
 delivery, epidural analgesia should be avoided unless prophy-
lactic-dose LMWH has been stopped at least 12 hours and 
 therapeutic dose LMWH has been stopped at least 24 hours 
before insertion of the epidural catheter; treatment can be 
resumed within 6 hours of catheter withdrawal.37 After delivery, 
anticoagulation therapy should be  continued for at least 3 months; 
warfarin can be used because it does not appear in breast milk.

Fibrinolytic agents have been used successfully for treatment 
of severe PE in pregnancy but can cause bleeding, usually from 
the genital tract. If PE develops late in pregnancy, a retrievable 
filter may prevent recurrence during delivery when anticoagu-
lant  therapy must be withheld.

UPPER-EXTREMITY DEEP VEIN THROMBOSIS

Usually involving the axillary and/or subclavian veins, upper-
extremity DVT can be unprovoked, related to effort, or can be 
secondary to indwelling central venous catheters.38 Unprovoked 
upper-extremity DVT is unusual. More common is effort-related 
upper-extremity DVT, known as Paget-Schroetter's syndrome, 
which usually affects the dominant arm of young, otherwise 
healthy individuals and occurs after strenuous exercise such as 
rowing or weight lifting. It is likely the unusual exertion causes 
injury to the vein wall, and with repeated trauma, this is sufficient 
to induce thrombosis, particularly if there is associated mechani-
cal obstruction to blood flow. Such obstruction can result from 
compression of the subclavian vein as it exits the thoracic inlet, 
which can be caused by muscle hypertrophy or anomalies of the 
cervical ribs or spine. These abnormalities can often be detected 
on plain radiographs of the chest and cervical spine. However, 
most cases of upper-extremity DVT develop in patients with cen-
tral venous catheters, particularly in patients with cancer.

Patients with upper-extremity DVT usually present with pain and 
swelling in the arm and may complain of associated  shoulder or 
neck discomfort. If the DVT extends to involve the superior vena 

cava, there may be edema of the neck and face. Patients with 
 thoracic outlet syndrome may have pain radiating to the fourth 
and fifth digits as a result of concomitant injury to the brachial 
plexus, and symptoms may be exacerbated by hyperabduction of 
the shoulder or lifting heavy objects.

The diagnosis of upper-extremity DVT is usually established by 
compression ultrasonography.39 Contrast venography or magnetic 
resonance (MR) venography can be helpful if the  ultrasound is 
inconclusive. D-dimer testing may be less useful for  upper-extremity 
DVT diagnosis than it is for the diagnosis of lower-extremity DVT 
because of the smaller thrombus volume in the upper limbs. 
Therefore, a negative D-dimer test is insufficient to exclude the 
 possibility of upper-extremity DVT.

Anticoagulation is the cornerstone of treatment for upper-
extremity DVT.19 Treatment usually starts with LMWH, and patients 
can then be transitioned to warfarin. Treatment should be given 
for at least 3 months. Patients with catheter-related upper-extremity  
DVT in the setting of cancer are best treated with extended LMWH, 
which should be continued as long as the catheter remains in 
place. Because of the importance of venous access in such 
patients,  central venous catheters do not have to be removed, 
provided they are functional. Catheter-directed or pharmacome-
chanical  fibrinolytic therapy can be considered for young, healthy 
patients with extensive upper-extremity DVT to reduce the risk of 
postthrombotic syndrome. This is an important consideration 
because recent evidence suggests that postthrombotic syn-
drome is a frequent and often disabling complication of upper-
extremity DVT, particularly DVT involving the dominant arm.40 
Surgical decompression of thoracic outlet obstruction can be 
considered if symptoms fail to resolve with more conservative 
treatment.41

SUPERFICIAL THROMBOPHLEBITIS

Thrombosis in superficial veins can occur spontaneously or as a 
complication of IV catheter insertion.42 Spontaneous thrombophle-
bitis is sterile; thrombophlebitis complicating catheter placement 
may be sterile or septic. Sterile thrombophlebitis is characterized 
by a tender cord that follows the course of superficial veins, usu-
ally on an extremity. The overlying skin may be erythematous  
and warm to touch. These features are magnified with septic throm-
bophlebitis, and a purulent discharge from a previous IV catheter 
puncture site is a common finding.

Superficial thrombophlebitis can extend into the deep venous 
system via perforating veins and can lead to PE.43 Therefore, ultra-
sonography should be performed to exclude DVT in patients 
whose superficial thrombophlebitis is associated with limb swell-
ing, or in those with involvement of the proximal segment of the 
greater saphenous vein.

Septic thrombophlebitis often requires antibiotic treatment. 
Localized sterile thrombophlebitis can be treated with antiinflam-
matory agents such as ibuprofen or naproxen. Patients with severe 
symptoms or with more extensive disease obtain faster relief with 
anticoagulation therapy with either LMWH or fondaparinux.44,45 
Therapeutic doses of these drugs can be given subcutaneously for 
4 to 6 weeks or until symptoms have resolved.

Most patients with superficial thrombophlebitis have an  excellent 
prognosis. Patients with superficial thrombophlebitis complicating 
varicose veins often benefit from graduated compression stockings. 
Recurrent or migratory superficial thrombophlebitis can occur in 
patients with vasculitis, such as polyarteritis nodosa or Buerger's 
 disease, or in patients with cancer, particularly pancreatic cancer.

Venous Thromboembolism Prevention
At least half of outpatients with newly diagnosed VTE have a 
 history of recent hospitalization, and most failed to receive throm-
boprophylaxis during their hospital stay. As a result, PE is the most 
common preventable cause of death in hospitalized patients in the 
United States. Guidelines for primary prophylaxis are available and 
should be followed.46
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Prognosis
With the diagnosis established and adequate anticoagulant ther-
apy initiated, most patients with VTE survive.47,48 Case fatality rates 
1 month after diagnosis of DVT or PE are 6% and 12%, respectively. 
Patients with severe PE who present with shock have the highest 
mortality, and many die within an hour of presentation. Although 
the case fatality rate in patients with PE is twice that in those with 
DVT, many deaths are the result of comorbid conditions rather 
than the PE itself, and are therefore unlikely to be prevented by 
anticoagulant therapy. Factors associated with early mortality after 
VTE include presentation as PE, advanced age, cancer, and under-
lying cardiovascular disease. The most serious long-term complica-
tion of PE is chronic thromboembolic pulmonary hypertension, a 
rare condition associated with significant morbidity and mortality 
 (discussed earlier).

Postthrombotic syndrome is the major complication of lower-
extremity DVT49 (also see Chapter 55). Characterized by depen-
dent leg swelling and discomfort, skin induration, itchiness and 
telangiectasias, the incidence of postthrombotic syndrome ranges 
from 20% to 40%. The incidence of severe postthrombotic syn-
drome, which can lead to venous ulcers, is about 3% at 1 year 
and 9% after 5 years, even with the use of graduated compression 
stockings.

Postthrombotic syndrome is triggered by damage to the venous 
valves. Venous occlusion due to residual thrombus and reflux of 
blood through incompetent valves leads to increased venous 
pressure, reduced calf muscle perfusion, increased vascular 
 permeability, and subsequent dependent edema and discomfort. 
Catheter-directed or pharmacomechanical fibrinolytic therapy 
may improve venous patency in patients with extensive DVT and 
prevent valve damage, thereby reducing the risk of postthrombotic 
syndrome.

Inadequate anticoagulation therapy and recurrent DVT are risk 
factors for postthrombotic syndrome.50 Therefore, adequate inten-
sity and duration of anticoagulation therapy is a goal of DVT treat-
ment. Patients with extensive proximal DVT are more likely to 
develop postthrombotic syndrome than those with distal DVT. 
Use of graduated compression stockings by DVT patients appears 
to reduce the risk of postthrombotic syndrome.

Despite anticoagulant therapy, about 6% of patients suffer recur-
rent VTE during the first 6 months. While on anticoagulation 
treatment, patients with unprovoked VTE and those with second-
ary VTE have similar risks of recurrence. In contrast, when antico-
agulant therapy is stopped, patients with unprovoked VTE have a 
risk of recurrence of 10% at 1 year and 30% at 5 years, whereas those 
with secondary VTE have recurrence rates of 3% at 1 year and 10% 
at 5 years. Recurrent events often mirror the index events; after an 
initial PE, about 60% of recurrences are PE, whereas after an initial 
DVT, about 60% of the recurrences are DVT. Because of the high 
risk of recurrence in patients with unprovoked VTE, many experts 
recommend indefinite anticoagulant therapy for such patients.19 In 
contrast, because of the lower risk of recurrence, anticoagulation 
therapy can be stopped after 3 months in patients with secondary 
VTE whose risk factors have resolved.
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Pulmonary embolism (PE) and deep venous thrombosis (DVT) 
comprise venous thromboembolism (VTE), a complex illness 
that warrants primary management or consultation by vascular 
 medicine specialists. The Surgeon General estimates that PE causes 
between 100,000 and 180,000 deaths in the United States alone, 
and singles out PE as the most preventable cause of  in-hospital 
death.1 Pulmonary embolism and DVT have attracted national 
attention among healthcare providers, policy makers, and the 
 public. Advances in understanding PE's epidemiology, prevention, 
diagnosis, and treatment are evolving at a rapid pace.

Epidemiology of Venous 
Thromboembolism
A cardinal misperception is that PE is much more benign than arte-
rial cardiovascular diseases such as acute myocardial infarction 
(AMI). In fact, the case fatality rate for PE is much higher than that 
for MI, probably because PE is more difficult to detect and lacks 
wide application of definitive therapies such as thrombolysis or 
mechanical coronary revascularization. In an international PE reg-
istry at 52 institutions in 7 countries, the death rate was 17% after 
3 months of follow-up. This registry had no exclusion criteria.2

The high mortality rate after PE is only the tip of the iceberg. 
Pulmonary embolism is associated with a multitude of adverse 
events. In a Dutch registry of 866 PE patients, a group of adverse 
events was tracked over time: death, recurrent VTE, arterial car-
diovascular events,  cancer, and chronic thromboembolic pulmo-
nary hypertension (CTEPH). Some 30% of the Dutch PE cohort 
suffered adverse events within 1 year; the proportion increased to 
more than 40% after 2 years, and to more than 50% after 4 years.3 
Chronic thromboembolic pulmonary hypertension4 used to be 
considered a rare complication of PE, but contemporary epide-
miological studies indicate that it evolves in 1% to 3% of patients 
with acute PE. This complication causes marked dyspnea and 
makes patients vulnerable to sudden  cardiac death. About half of 
patients with VTE will develop chronic venous insufficiency, also 
known as postthrombotic syndrome (see Chapter 55). This prob-
lem causes chronic leg swelling and discomfort,  especially with 
standing. Brownish skin pigmentation can develop, especially in 
the medial malleolus. In extreme cases, venous ulceration may 
occur. Postthrombotic syndrome does not cause mortality, but 
does reduce quality of life for those who are stricken with it.5

Although the frequency of PE diagnosis among hospitalized 
patients is increasing in the United States, the mortality rate is 
decreasing. There were an estimated 127,000 cases of diagnosed PE 
in 1998, and this case load rose to 230,000 in 2005. These data reflect 
marked underestimates because most PEs are  misdiagnosed as car-
diac conditions such as AMI or sudden cardiac death. Nevertheless, 
the case fatality rate from PE decreased from 12.3% in 1998 to 8.2% 
in 2005. During this same time period, the estimated cost per hos-
pitalized patient with PE almost doubled from $25,000 in 1995 to 
$44,000 in 2005.6

The incidence of VTE ranges between 1 and 2 per 1000 
among adults in the United States. Prevalence is similar in 
men and women, and frequency of PE increases with age. 
There are about twice as many DVT as PE cases. About half are 
idiopathic (called primary PE) and half are provoked (called 
 secondary PE) and occur after surgery, trauma, immobilization, 
or in  association with cancer, birth control pill use, pregnancy, 
or  postmenopausal hormone  replacement. Certain genetic 
 mutations such as factor V Leiden or the  prothrombin gene 
mutation  predispose to VTE (see Chapter 10).

In about half of cases, VTE is associated with acquired (Box 53-1) 
or inherited (Box 53-2) risk factors. Prior VTE increases the risk of 
 recurrence. Risk factors for VTE are often modifiable and overlap 
with risk factors for coronary artery disease (CAD). Abstaining 
from  cigarettes, maintaining lean weight, limiting red meat intake, 
and  controlling hypertension might lower the risk of PE and DVT. 
Hospitalized patients at especially high risk include the elderly 
and those with cancer,  congestive heart failure (CHF),7 or chronic 
obstr uctive pulmonary disease (COPD), as well as those undergo-
ing surgery.8

Three of four PEs occur in the outpatient setting. Outpatients pre-
senting with PE who are at high risk for adverse outcomes include 
those with a history of congestive heart failure, cancer, and severe 
infection.9

In the prospective DVT FREE registry of 5451 patients,10 the 
most common acquired comorbidities were hypertension (50%), 
surgery within 3 months (38%), immobility within 30 days (34%), 
 cancer (32%), and obesity (27%).

Cancer augments the risk of VTE11 through numerous mecha-
nisms that include intrinsic tumor procoagulant activity and extrin-
sic factors such as chemotherapeutic agents and indwelling central 
venous catheters. Pancreatic, lung, gastric, genitourinary tract, and 
breast malignancies are associated with a particularly high risk 
of DVT and PE. In the California Cancer Registry,12 the highest 
 incidence of VTE in cancer patients occurred during the first year 
of follow-up. The number of VTE events per 100 patient-years was 
20 for pancreatic cancer, 11 for stomach cancer, 8 for bladder can-
cer, 6 for renal and uterine cancer, and 5 for lung cancer. Cancer 
chemotherapy increases levels of coagulation factors, suppresses 
anticoagulant and fibrinolytic activity, and directly damages the 
endothelium. Some patients with newly diagnosed VTE, especially 
idiopathic and unprovoked, harbor an occult cancer.13

Fatal PE associated with long-haul air travel has captivated the 
attention of the lay public. Although rare, the risk of massive PE 
increases progressively when the flight distance exceeds 5000 
 kilometers.14 There appears to be a dose-response relationship, with 
an estimated 18% higher risk of VTE for each 2-hour  incremental 
increase in travel duration.15

Venous thromboembolism can adversely affect women's health. 
Oral contraceptives,16 pregnancy,17 and postmenopausal hormone 
replacement therapy18 increase the risk of PE and DVT. Most oral 
contraceptives are second-generation agents that double or triple 
VTE risk. Newer third-generation agents have desogestrel or ges-
todene as the  progestogen component and cause less acne and 
hirsutism, but they appear to cause acquired resistance to acti-
vated protein C (APC), with an incremental doubling or tripling 
of the VTE risk  compared with second-generation contraceptives.

The antiphospholipid antibody syndrome is the most  ominous 
acquired risk factor and is associated with arterial and venous throm-
boembolism as well as recurrent pregnancy loss. Autoantibodies 
bind to endothelial receptors to promote the release of tissue  factor 
and suppress cell surface plasminogen activation.19

Thrombophilia is often inherited. A family history of VTE should 
be sought in all patients with DVT or PE. Whether laboratory test-
ing should routinely be undertaken for patients with PE is con-
troversial. The factor V Leiden mutation, a single-base mutation 
(substitution of A for G at position 506), is a common genetic poly-
morphism associated with APC resistance (Fig. 53-1). This genetic 
mutation is also a risk factor for recurrent pregnancy loss, prob-
ably due to placental vein thrombosis. The prothrombin gene 
mutation is a thrombophilic mutation identified in the 3′ untrans-
lated region of the prothrombin gene (substitution of A for G 
at position 20210). This mutation causes increased prothrombin 
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 concentration and is associated with an increased risk of VTE. 
Use of oral contraceptives by patients with factor V Leiden or the 
 prothrombin gene mutation is associated with a high risk of VTE.

Pathophysiology
In 1856, Rudolf Virchow postulated a triad of factors that predis-
pose to VTE: local trauma to the vessel wall, hypercoagulability, 
and stasis. Venous thrombi, composed primarily of fibrin and red 
blood cells, often arise at sites of vessel damage. They usually 
form first in the veins of the calf and then extend proximally to 
the popliteal, femoral, and pelvic veins. The reasons why thrombi 
detach from the leg and pelvic veins and then embolize to the 
pulmonary arteries remain uncertain. About half of patients with 
PE do not have evidence of DVT on venous ultrasound examina-
tion, probably because the thrombus has already broken off and 
embolized to the lungs. With embolization, pulmonary artery pres-
sure (PAP) usually increases right ventricular (RV) afterload, with 
consequent elevation of RV wall tension leading to RV dilation 
and dysfunction. The interventricular septum then shifts toward 
the left ventricle, with subsequent underfilling and decreased left 
ventricular (LV) diastolic distensibility. This change can decrease 
 cardiac output, impair coronary perfusion, and produce myocar-
dial  ischemia. A downward spiral can ensue, with reduced right 
 coronary artery blood flow, increased RV myocardial oxygen 
demand, RV infarction, circulatory collapse, and death.

Pulmonary embolism can manifest the following pathophysi-
ological cardiopulmonary effects20: (1) increased pulmonary 
vascular resistance (PVR) due to vascular obstruction, neuro-
humoral agents, pulmonary artery baroreceptors, or increased 
pulmonary artery pressure; (2) impaired gas exchange due to 
increased alveolar dead space from vascular obstruction and 
hypoxemia from alveolar hypoventilation, low ventilation/perfu-
sion (V/Q) units, and right-to-left shunting, as well as impaired 
carbon monoxide transfer owing to loss of gas exchange surface; 
(3) alveolar hyperventilation from reflex stimulation of irritant 
receptors; (4) increased airway resistance due to bronchocon-
striction; and (5) decreased pulmonary compliance due to lung 
edema, lung hemorrhage, and loss of surfactant.

Arterial hypoxia and an increase in the alveolar-arterial oxygen 
tension gradient are the most common gas exchange abnormali-
ties. Mismatching of ventilation and perfusion is the most com-
mon cause of impaired pulmonary oxygen transfer. Pulmonary 
embolism causes redistribution of blood flow so that some lung 
gas exchange units have low ratios of ventilation to perfusion, 
whereas other lung units have excessively high ratios of ventila-
tion to perfusion. A right-to-left shunt further contributes to arte-
rial hypoxia because venous blood enters the systemic arterial 
system without passing through ventilated gas exchange units 
of the lung. Low cardiac output due to RV dysfunction leads to 
increased extraction of oxygen in the tissues, thereby  further 
decreasing the partial pressure of oxygen in venous blood. 
Hypercapnia suggests massive PE and results from increased 
 anatomical and physiological dead space.

Hemodynamic alterations are common in patients with acute 
PE. Increased PVR and PAP cause RV shear stress and microin-
farction. Increased myocardial shear stress can be quantified with 
brain natriuretic peptide (BNP) levels.21 Elevated troponin levels 
indicate myocardial ischemia and microinfarction.22 Myocardial 
ischemia and microinfarction are probably caused by two mecha-
nisms: increased oxygen demand of the failing right ventricle and 
reduced coronary perfusion secondary to decreased systemic 
 cardiac output.

Prevention
Pulmonary embolism is easier and less expensive to prevent 
than to diagnose or treat. A policy of routine VTE prophylaxis is 
cost- effective.23 Virtually all patients hospitalized for more than a 
day should receive prophylactic measures against VTE. Detailed 
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FIGURE 53-1 Thrombin converts factors VIII and V to their activated 
forms, factors VIIIa and Va. A complex of thrombin with the endothelial 
cell (EC) receptor thrombomodulin activates protein C (APC). APC inactivates 
factors VIIIa and Va on the platelet surface. This reaction is accelerated by APC 
cofactor, which is thought to be inactivated factor V, as well as by free protein S. 
(From Bauer KA: Hypercoagulability—a new cofactor in the protein C anticoagulant 
pathway. N Engl J Med 330:566, 1994.)

Box 53-1  Common Acquired Risk Factors 
for Venous Thromboembolism

Immobilization/trauma/surgery
Cancer
Prior venous thromboembolism (VTE)
Medical comorbidities, including obesity, heart failure, chronic kidney 

disease, chronic obstructive pulmonary disease (COPD), infection, and 
atherosclerosis

Increasing age
Pregnancy/postpartum
Oral contraceptives/hormonal replacement therapy
Indwelling central venous catheter
Lupus anticoagulant/antiphospholipid antibody syndrome
Long-haul air travel

Factor V Leiden
Prothrombin G20210 mutation
Protein C deficiency
Protein S deficiency
Antithrombin III deficiency
Dysfibrinogenemia
Disorders of plasminogen

Box 53-2  Inherited Hypercoagulable 
States Associated with Venous 
Thromboembolism
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 guidelines for prevention of VTE are available from various con-
sensus conferences. The most widely influential consensus is 
sponsored by the American College of Chest Physicians and rec-
ommends that “every hospital develop a formal strategy that 
addresses the prevention of VTE.”24 The type of prophylaxis strat-
egy selected should match the level of risk for developing venous 
thrombosis (Table 53-1).

Despite the availability of effective measures to prevent VTE, 
prophylaxis continues to be underused, even among high-risk 
hospitalized patients. Only half of high risk patients received pro-
phylaxis in a survey of 15,000 acutely ill medical patients enrolled 
from 52 hospitals in 12 countries.25 In the even larger ENDORSE 
Study of 68,000 patients, with 32 countries participating from 
6 continents, only 58% of surgical service and 40% of medical 
 service patients received prophylaxis among those at moderate or 
high risk for VTE.26 However, failure to prevent in-hospital PE and 
DVT will no longer be tolerated by government regulators, hospi-
tal quality improvement committees, or the medicolegal system. 
For example, Medicare has stopped reimbursing hospitals for the 
incremental care needed to treat postoperative total hip or knee 
replacement patients who develop VTE.27 Whether this new policy 
is wise or equitable is debatable,28 but its influence in augmenting 
VTE prophylaxis and decreasing the rate of postoperative VTE is 
indisputable.

Prevention programs should be implemented to establish 
and enforce protocols that are streamlined and standardized.29 
Computer-generated prompting can increase utilization of pro-
phylactic measures.30,31 In a randomized trial of 2500 high-risk 
patients, a computer alert program increased physicians’ use 
of VTE prophylaxis and reduced the rate of symptomatic DVT 
and PE by more than 40%.32 At Brigham and Women's Hospital 
(Boston, Mass.), the computer alert was upgraded from the 
initial  single-screen version to a multiscreen set of alerts. The 
advanced algorithm increased use of VTE prophylaxis among 
physicians who had declined to order preventive measures fol-
lowing an initial traditional  single-screen alert reminder.33 The 
multiscreen alert also provides a default option that automati-
cally orders VTE prophylaxis unless the  physician specifically 
“opts out.”

Many hospitals do not have the necessary electronic and 
 information technology infrastructure to support sophisticated 

electronic alert systems for VTE prophylaxis. An alternative  strategy 
uses a human alert. This system consists of a direct page from a 
hospital staff member to the attending physician when high-risk 
hospitalized patients are not receiving prophylaxis. In a multi-
center randomized trial, this program of direct notification of the 
physician by a staff member tended to increase prophylaxis use 
and reduce the rate of symptomatic DVT and PE by about 20%, but 
the improvement was not statistically significant.34

Venous thromboembolism related events afflict 2 of every 
100 acutely ill hospitalized medical patients. Most frequently 
affected are patients with heart failure, respiratory failure, 
pneumonia, and cancer. With probability modeling, symptom-
atic DVT, PE, and deaths from VTE will be halved if universal 
 prophylaxis is used.35 Furthermore, long-term benefits will 
 persist for at least 5 years by drastically reducing the number 
of cases of delayed complications such as postthrombotic 
 syndrome and CTEPH.36

Mechanical prophylaxis measures use graduated compression 
stockings (GCS) and intermittent pneumatic compression (IPC). 
Graduated compression stockings increase venous blood flow and 
prevent perioperative venodilation of the legs. Intermittent pneu-
matic compression devices compress the veins more forcefully 
than GCS and also stimulate the endogenous fibrinolytic system. 
Mechanical VTE prophylaxis should be ordered for patients with 
active bleeding or extraordinarily high risk for major bleeding; 
however, pharmacological prophylaxis appears to be much more 
effective than IPC for preventing VTE in general surgery patients.37 
Furthermore, in a large study of patients with major debilitating 
strokes, thigh-high GCS that were applied without pharmacologi-
cal prophylaxis did not confer any protection against the develop-
ment of proximal leg DVT.38

Subcutaneous administration of unfractionated (UFH) or 
low-molecular-weight heparin (LMWH) helps prevent VTE. Low-
molecular-weight heparin has several advantages over UFH. It 
exhibits less  binding to plasma proteins and endothelial cells 
than UFH. Consequently, it tends to have a more predictable 
dose response, a more dose-independent mechanism of clear-
ance, and a  longer plasma half-life than UFH. Osteoporosis and  
heparin-induced thrombocytopenia (HIT) appear to be less com-
mon with LMWH than with UFH. In most VTE  prevention trials, 
LMWH is administered as a once-daily subcutaneous injection in 
fixed or weight-adjusted doses, without laboratory monitoring or 
dose adjustment.

Fondaparinux, a pentasaccharide, is an anti–factor Xa agent and 
is effective in preventing VTE after orthopedic surgery in a fixed 
low dose of 2.5 mg daily. It also appears to markedly reduce VTE 
incidence among high-risk medical patients.39

In addition to anticoagulants, two novel pharmacological 
approaches appear promising for VTE prophylaxis: vitamin E 
 supplementation and rosuvastatin. The Women's Health Study 
randomized 39,876 women to receive 600 units of vitamin E or 
 placebo. After a median follow-up of 10 years, there was a 21% 
reduction in VTE among women assigned to vitamin E. The reduc-
tion was most marked among women with VTE prior to randomiza-
tion and in women with either the factor V Leiden or prothrombin 
gene mutation.40

The JUPITER Trial studied statin therapy for VTE prophylaxis 
among 17,802 apparently healthy men and women with both nor-
mal low-density lipoprotein (LDL) cholesterol levels and elevated 
high-sensitivity C-reactive protein (CRP) levels. They were ran-
domized to receive rosuvastatin 20 mg per day or placebo. During 
a median  follow-up period of 1.9 years, symptomatic VTE was 
reduced by 43% in the rosuvastatin group.41

In a study of middle-aged women undergoing surgery, the 
risk of VTE was substantially increased during the first 12 post-
operative weeks, especially for those undergoing hip or knee 
replacement or cancer surgery.42 In the large RIETE Registry of 
VTE, the  average time elapsed from surgery to VTE was 3 weeks.43 
These findings  suggest the need to extend the duration of VTE 
 prophylaxis in  high-risk patients beyond hospital discharge.

CONDITION PROPHYLAXIS STRATEGY

General surgery Enoxaparin 40 mg once daily
Dalteparin 2500 or 5000 units once daily
UFH 5000 units bid/tid

Total hip 
replacement

Enoxaparin 40 mg once daily
Fondaparinux 2.5 mg once daily
Warfarin

Total knee 
replacement

Enoxaparin 40 mg once daily
Fondaparinux 2.5 mg once daily

Hip fracture 
surgery

Enoxaparin 40 mg once daily
Fondaparinux 2.5 mg once daily

Neurosurgery GCS and IPC PLUS UFH 5000 units bid or  enoxaparin 
40 mg once daily, PLUS predischarge venous 
 ultrasound in patients with brain tumor

Trauma (not brain) Enoxaparin 40 mg once daily

Thoracic surgery GCS, IPC, and UFH 5000 units tid

Medical patients UFH 5000 units SC tid
GCS or IPC
Enoxaparin 40 mg once daily
Dalteparin 5000 units once daily

TABLE 53-1 Possible Prophylaxis Strategies

bid, twice daily; GCS, graduated compression stockings; IPC, intermittent pneumatic compres-
sion; SC, subcutaneous; tid, three times daily; UFH, unfractionated heparin.
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A large-scale randomized controlled trial tested the concept 
of extended-duration VTE prophylaxis in hospitalized acutely 
ill medical patients with reduced mobility.44 All patients initially 
received 6 to 14 days of enoxaparin 40 mg open-label VTE prophy-
laxis. Some patients completed this initial prophylaxis as outpa-
tients. Those who remained at high risk were then randomized to 
enoxaparin 40 mg daily for 28 days or to placebo. The extended-
duration enoxaparin prophylaxis group had a reduction in VTE 
from 4% to 2.5%, at a cost of an increase in major bleeding events 
from 0.3% to 0.8%. The benefits of extended duration enoxaparin 
appeared to be limited to women, patients older than 75 years, and 
those with marked immobility who did not have bathroom privi-
leges. The trial was criticized because criteria for immobility were 
made stricter in a protocol amendment that was implemented 
about halfway through the trial.45

Diagnosis
Clinical Suspicion of Pulmonary Embolism
Pulmonary embolism is difficult to diagnose, despite the availabil-
ity of contemporary imaging techniques such as chest computed 
tomography (CT) scanning. Therefore, maintaining a high degree 
of clinical suspicion for possible PE is of paramount importance. 
The most common symptoms and signs are nonspecific: dyspnea, 
tachypnea, chest pain, and tachycardia. Usually, patients who pres-
ent with chest pain or hemoptysis have an anatomically small PE 
near the periphery of the lung where nerve innervation is greatest 
and pulmonary infarction is most likely to occur, owing to poor 
collateral circulation. Ironically, patients with life-threatening PEs 
often have a painless presentation characterized by dyspnea, syn-
cope, or cyanosis.

Assessment of the clinical pretest probability may improve 
the diagnostic accuracy in patients with suspected PE. Wells and 
coworkers46 have tested a bedside assessment score to estimate the 
clinical pretest probability for PE. The following clinical  variables 
are required to calculate the score: signs or symptoms of DVT  
(3 points), no alternative diagnosis (3 points), a heart rate greater 
than 100 beats/min (1.5 points), immobilization or surgery 
within 4 weeks (1.5 points), a history of VTE (1.5 points), hemop-
tysis (1 point), and cancer (1 point). In this study, more than one 
third of the patients had a low Wells score of 2 or less. Pulmonary 
embolism was confirmed in only 2% of these patients. In contrast, 
half of the patients with a Wells score above 6 had PE diagnosed 
on further testing.

Pulmonary embolism should be suspected in hypotensive 
patients when (1) there is evidence of or predisposing factors for 
venous thrombosis, and (2) there is clinical evidence of acute cor 
pulmonale, such as  distended neck veins, an S3 gallop, or an RV 
heave, especially if there is electrocardiographic (ECG) evidence 
of acute cor pulmonale manifested by a new S1Q3T3 pattern, new 
incomplete right bundle branch block, or T-wave inversion in V1 
through V4 (Box 53-3).

Tests for Pulmonary Embolism
ELECTROCARDIOGRAPHY

The ECG may be normal or might show sinus tachycardia. More 
specific findings occur at times in the presence of RV dysfunction. 
These include the S1Q3T3 pattern or T-wave inversion in leads V1 
through V4.

CHEST RADIOGRAPHY

A near-normal chest radiograph in the setting of severe respiratory 
compromise suggests massive PE. Focal oligemia (Westermark 
sign) indicates massive central embolic occlusion. A peripheral 
wedge-shaped density above the diaphragm (Hampton hump) 
points toward pulmonary infarction. The chest radiograph can also 
help exclude diseases such as lobar pneumonia or pneumothorax 
that may mimic PE; however, these latter patients can also have 
concomitant PE.

ARTERIAL BLOOD GAS ANALYSIS

Neither room air arterial blood gases nor calculation of the 
 alveolar-arterial oxygen gradient helps differentiate patients with 
a confirmed PE at angiography from those with a normal pulmo-
nary angiogram.47 Therefore, arterial blood gases should not be 
obtained as a screening test in patients suspected of PE.

D-DIMER

D-dimer is a specific proteolytic degradation product released into 
the circulation by endogenous fibrinolysis of a cross-linked fibrin 
clot. An abnormally elevated level of plasma D-dimer (>500 ng/
mL) performed with a quantitative enzyme-linked immunosor-
bent assay (ELISA; Fig. 53-2) has a greater than 90% sensitivity for 
angiographically proven PE.48 Although elevated plasma concen-
trations of D-dimers are sensitive for the presence of PE, they are 
not  specific. Levels are elevated for at least 1 week postoperatively 
and are increased in patients with pregnancy, MI, sepsis, cancer, 
or almost any other systemic illness. Therefore, this assay has great-
est utility among outpatients or emergency department patients 
who have suspected PE but no coexisting acute systemic illness.

VENTILATION/PERFUSION SCAN

Ventilation/perfusion lung scanning used to be the principal 
noninvasive diagnostic test, but it has been supplanted by chest 
CT scanning. Consider lung scanning in patients with allergy to 
radiographic contrast agents, severe renal insufficiency, or preg-
nancy. Ventilation/perfusion scanning is nondiagnostic (low- or 
 intermediate-probability scans) in the majority of patients with 
 suspected PE. The diagnostic accuracy of lung scanning may 
improve when scans are interpreted in conjunction with clinical 
pretest  probability49 (Table 53-2).

Sinus tachycardia
Incomplete or complete right bundle branch block
S1Q3T3
T-wave inversion in leads V1-V4

Box 53-3  Electrocardiographic Findings in 
Pulmonary Embolism

P
la

sm
a 

D
-d

im
er

(n
g/

m
L)

Positive             Negative

Pulmonary angiogram

�8000

1000

500

100

10

FIGURE 53-2 Distribution of plasma D-dimer enzyme-linked immuno-
sorbent assay (ELISA) levels, sorted according to angiographic findings, 
among 173 patients with suspected acute pulmonary embolism (PE). (From 
Goldhaber SZ, Simons GR, Elliott CG, et al: Quantitative plasma D-dimer levels among 
patients undergoing pulmonary angiography for suspected pulmonary embolism. 
JAMA 270:2819, 1993.)
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CONTRAST-ENHANCED CHEST COMPUTED TOMOGRAPHY

Chest CT has become the most useful imaging test in patients with 
clinically suspected acute PE.50 The clinical validity of using a CT 
scan to rule out PE is similar to that reported for invasive pulmonary 
angiography.51 Rapid, continuous volume acquisitions obtained 
during a single breath enable imaging in critically ill patients. The 
latest generation of multidetector CT scanners (Fig. 53-3) permits 
image acquisition of the entire chest with 1-mm or submillimeter 
resolution and a breath hold of less than 10 seconds. Chest CT can 
also detect alternative or concomitant cardiopulmonary disease 
such as aortic dissection, pneumonia, or pericardial tamponade.

PULMONARY ANGIOGRAPHY

Classic invasive contrast pulmonary arteriography is the estab-
lished gold-standard imaging test for diagnosis of PE. Currently, 
pulmonary angiography is rarely performed for diagnostic 
 purposes because multiplanar chest CT scanning seems to be 
equally accurate. However, pulmonary angiography is undertaken 
during  therapeutic interventions such as catheter embolectomy.

GADOLINIUM-ENHANCED MAGNETIC RESONANCE 
ANGIOGRAPHY

Magnetic resonance angiography (MRA) avoids ionizing radia-
tion or iodinated contrast agents. Magnetic resonance angiog-
raphy is superb for assessment of left and RV function and size. 

Unfortunately, MRA is often technically inadequate owing to the 
requirement of prolonged breath holding in dyspneic and tachy-
pneic patients, and has low sensitivity for the diagnosis of acute PE.52

VENOUS ULTRASONOGRAPHY

Ultrasonography of the deep veins is noninvasive, cost-effective, 
and accurate in diagnosing proximal leg DVT in symptomatic 
patients.53 Ultrasound is considered diagnostic for PE if it con-
firms DVT in patients with PE symptoms. However, one third to 
one half of PE patients have no ultrasound or venogram evidence 
of leg DVT, probably because the thrombus has already embo-
lized to the lungs. Therefore, if clinical suspicion of PE is high, 
patients without clinical or imaging evidence of DVT should still 
be worked up for PE.

ECHOCARDIOGRAPHY

Echocardiography is not useful routinely to diagnose PE because 
it is normal in about half of consecutive patients with suspected 
PE. However, echocardiography does detect RV overload among 
patients with large PE. Moderate or severe RV hypokinesis, persis-
tent pulmonary hypertension (PH), a patent foramen ovale, and 
free-floating thrombus in the right atrium or right ventricle are 
ominous prognostic signs in PE patients. Echocardiography can 
also help identify illnesses that may mimic PE, such as MI or peri-
cardial disease. For those patients in whom transthoracic imaging 
is unsatisfactory, transesophageal echocardiography (TEE) can be 

A B

FIGURE 53-3 Contrast-enhanced multislice computed tomography (CT) in a 72-year-old man with acute central pulmonary embolism (PE) showing 
a “saddle embolus.” Colored volume rendering technique seen from an anterior cranial (A) and anterior (B) perspective allows intuitive visualization of location and 
extent of embolism. (Figures kindly provided by Joseph Schoepf, MD, Department of Radiology, Brigham and Women's Hospital, Boston, MA.)

Clinical Probability (%)

 80-100 20-79 0-19 0-100
LUNG SCAN CATEGORY n/n (%) n/n (%) n/n (%) n/n (%)

High 28/29 (96) 70/80 (88) 5/9 (56) 103/118 (87)

Intermediate 27/41 (66) 66/236 (28) 11/68 (16) 104/345 (30)

Low 6/16 (40) 30/191 (16) 4/90 (4) 40/296 (14)

Very low 0/5 (0) 4/62 (6) 1/61(2) 5/128 (4)

Total 61/90 (68) 170/569 (30) 21/228 (9) 252/887 (28)

TABLE 53-2 PIOPED: Pulmonary Embolism Status

Modified from the PIOPED Investigators: Value of the ventilation/perfusion (V/Q) scan in acute  pulmonary embolism. Results of the prospective investigation of pulmonary embolism  diagnosis 
(PIOPED). JAMA 263:2753–2759, 1990.
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 carried out. For critically ill patients who cannot be safely trans-
ported from the intensive care unit (ICU), TEE at the bedside may 
be especially useful.54

Overall Diagnostic Strategy
The initial assessment includes a history, physical examination, 
ECG, and chest radiograph. A plasma D-dimer ELISA should be 
obtained in all outpatient or emergency department patients. If 
the D-dimer is below the assay-specific cut-off level and clini-
cal suspicion is not high, PE is essentially excluded. Chest CT 
scanning is indicated for diagnosis in most patients if D-dimer 
levels are elevated or clinical suspicion is high (Fig. 53-4). In 
patients with impaired renal function, pregnancy, or allergy to 
contrast agents, V/Q scanning may be performed as the primary 
imaging test. When the diagnosis remains uncertain, a venous 
ultrasound study is the next step. Thereafter, if high clinical 
suspicion for PE persists despite a negative ultrasound study, 
consider empirical anticoagulation or invasive diagnostic pul-
monary angiography.

Management
Risk Stratification
Pulmonary embolism outcome spans a wide clinical spectrum 
ranging from benign to fatal. With rapidly achieved therapeutic 
levels of anticoagulation, the majority of patients have favorable 
outcomes, but some PE patients suffer rapid clinical deterioration, 
with manifestations of RV failure.55 These patients often have a 
poor prognosis if therapy is limited to anticoagulation alone. They 
may require thrombolysis, embolectomy, mechanical ventilation, 
inotropic  support, or vasopressor agents.

Rapid and accurate risk stratification is paramount in select-
ing the appropriate management strategy.56 Patients used to be 
 considered at high risk only if they had massive PE, defined as a 
systemic arterial systolic pressure less than 90 mmHg unrespon-
sive to  pressor agents. Contemporary risk stratification focuses on 
rapid and early detection of submassive PE, defined as moderate 
or severe RV dysfunction despite normal systemic arterial pressure. 
Such patients often have an ominous prognosis if managed with 
anticoagulation alone.57

Clinical Evaluation
Severe dyspnea, cyanosis, and syncope usually indicate life- 
threatening PE. The clinical examination may detect signs of acute 
RV dysfunction, such as tachycardia, low arterial blood pressure, 
distended neck veins, an accentuated pulmonic  component of 
the second heart sound, or a tricuspid regurgitation murmur. The 
Pulmonary Embolism Severity Index has gained traction as a semi-
quantitative clinical assessment tool to assess prognosis and help 
triage patients with acute PE.58 However, it is cumbersome because 
it requires computation of a weighted score based upon 11 dif-
ferent variables. This index has been simplified for greater ease 
of use.59 The revised version classifies PE patients as high risk if 
they have even one of the following clinical variables: age older 
than 80 years, cancer, chronic cardiopulmonary disease, heart rate 
110 beats/min or more, systolic blood pressure (SBP) less than 
100 mmHg, or oxygen saturation level less than 90%.

Echocardiography
Transthoracic echocardiography (TTE) has emerged as the most 
important imaging tool for risk assessment because it evaluates 
RV size and function. Right ventricular systolic function is usually 
assessed qualitatively. Patients with acute PE may show a specific 
regional wall motion abnormality of the right ventricle known as 
the McConnell sign: hypokinesis of the RV free wall combined with 
preserved systolic contraction of the RV apex.60 Right ventricular 
dilation is an indirect sign of RV pressure overload. An RV–to–LV 
diameter ratio of 1 or greater in the apical four-chamber view indi-
cates RV dilation. Right ventricular pressure overload may cause a 
paradoxical (systolic) septal motion toward the left ventricle. In the 
parasternal short-axis view, the interventricular septum may flatten 
and cause a D-shaped left ventricle (Fig. 53-5). Other indirect signs 
of RV  dysfunction include increased tricuspid regurgitant velocity 
greater than 2.6 m/s and reduced inspiratory collapse of a dilated 
inferior vena cava (IVC).

Cardiac Biomarkers
Cardiac troponins I and T, as well as N-terminal pro–brain natri-
uretic peptide (NT-proBNP) and BNP, have emerged as promis-
ing tools for risk stratification in PE. Cardiac troponins are the 
most sensitive and specific markers of myocardial cell damage. 
Elevations of troponin levels in PE patients are minor compared 
with patients with acute  coronary syndromes (ACS). The  stimulus 
for BNP synthesis and secretion in acute PE is  cardiomyocyte 
stretch. Heart-type fatty acid–binding  protein appears to be an 
especially useful biomarker to risk stratify  normotensive patients 
with acute PE.61

Anticoagulation
When DVT or PE is diagnosed or strongly suspected, anticoagu-
lation therapy should be initiated immediately unless a major 
 contraindication exists.

UNFRACTIONATED HEPARIN AS A BRIDGE 
TO WARFARIN

A bolus of intravenous (IV) UFH (80 units/kg) followed by 
18 units/kg/h is an effective and safe approach to initiate anti-
coagulation.62 The activated partial thromboplastin time (aPTT) 
should be followed at 6-hour intervals until it remains consis-
tently therapeutic at 1.5 to 2.5 times the upper limit of normal. 
The short half-life of UFH is advantageous for patients who 
might require thrombolysis or embolectomy. Oral anticoagula-
tion with warfarin can be started as soon as the aPTT is within 
therapeutic range. Patients should receive at least 5 days of hep-
arin overlap while an adequate level of oral anticoagulation is 
established.

�

Suspected PE

D-Dimer ELISANo PE

� �
No PE

�
No PE

�
No PE

PE

�
PE

�
PE

Chest CT

Venous
ultrasound

Pulmonary
angiography

*

*

*

FIGURE 53-4 Suggested diagnostic strategy for patients with 
suspected pulmonary embolism (PE) without cardiogenic shock. In this 
strategy, chest computed tomography (CT) is used as the principal imaging test.
*Further testing should be considered if the test is inconclusive or negative, with 
a persistent suspicion of PE. ELISA, enzyme-linked immunosorbent assay.
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LOW-MOLECULAR-WEIGHT HEPARIN

Chemical depolymerization of UFH yields LMWH, which improves 
bioavailability and lowers the risk of HIT compared with unfrac-
tionated heparin. Low-molecular-weight heparin is prescribed in a 
fixed dose according to weight, without the need for laboratory 
coagulation monitoring. The dose must be adjusted downward for 
patients with chronic kidney disease because LMWH is metabo-
lized by the kidneys. In 2007, the U.S. Food and Drug Administration 
(FDA) approved the LMWH dalteparin as monotherapy without 
warfarin to treat cancer patients with acute VTE. This approval 
was based on a randomized trial that demonstrated that cancer 
patients with acute VTE have a 50% lower recurrence rate of VTE 
if managed with dalteparin as monotherapy rather than dalteparin 
as a bridge to warfarin.63

FONDAPARINUX

Fondaparinux is a synthetic anticoagulant composed of the five 
saccharide units that function as the active site where heparin 
binds antithrombin. The fondaparinux-antithrombin complex 
inhibits factor Xa. Fondaparinux has a long 17-hour half-life, does 
not cross-react with heparin-induced antibodies, and is often used 
off-label to manage HIT without thrombosis. It is FDA approved 
for initial treatment of acute PE and DVT as a bridge to warfarin. 
Fondaparinux is cleared by the kidney.

PARENTERAL DIRECT THROMBIN INHIBITORS

These agents bind directly to thrombin. Four have been FDA 
approved: hirudin and argatroban to treat HIT, bivalirudin as 
an anticoagulant during percutaneous coronary intervention 
(PCI), and desirudin to prevent VTE in the setting of total hip 
replacement.

WARFARIN

The vitamin K antagonist warfarin sodium inhibits γ-carboxylation 
activation of coagulation factors II, VII, IX, and X and proteins 
C and S. The full anticoagulant effect of warfarin requires about 

5 days of therapy even if the target international normalized ratio 
(INR) is reached more quickly. Warfarin is a difficult drug to dose 
and monitor, with multiple drug-drug and drug-food interactions. 
Inadequate warfarin anticoagulation predisposes to recurrent VTE 
and stroke. Excessive warfarin anticoagulation may cause intracra-
nial  hemorrhage and massive gastrointestinal bleeding.

Major bleeding is best managed with prothrombin complex 
concentrate. Fresh frozen plasma can be used in patients with 
non–life-threatening bleeding who can tolerate large volumes 
of fluid. Recombinant human coagulation factor VIIa (rFVIIa) is 
an off-label option for catastrophic bleeding but may precipitate 
thrombosis. To manage minor bleeding or an excessively high INR 
without bleeding, oral vitamin K may be administered.

Centralized anticoagulation clinics, usually staffed by phar-
macists or nurses, have improved the quality of warfarin dosing. 
An excellent anticoagulation clinic can maintain an overall time 
within therapeutic INR range of at least 60%.

Point-of-care INR testing devices use whole blood from fingertip 
puncture to provide the INR result within 2 minutes. Appropriately 
selected patients can self-test their INRs, and some can be taught 
to self-manage their warfarin dosing, analogous to diabetic patients 
who self-manage their insulin dosing.

Major genetic determinants of warfarin dose-response include 
(1) CYP2C9-variant alleles that impair hydroxylation of S-warfarin, 
resulting in extremely low warfarin dose requirements, such as 1 to 
2 mg daily to achieve an INR within the 2.0 to 3.0 range; and (2) 
 variants in the gene encoding vitamin K epoxide reductase com-
plex 1 (VKORC1). Pharmacogenomic algorithms for initiating warfa-
rin appear to be of greatest benefit among those patients requiring 
very high (>7 mg) or very low (≤3 mg) doses of warfarin.64

Using pharmacogenomic information may be cost-effective 
when initiating warfarin in atrial fibrillation patients at high risk 
for hemorrhage.65 An observational study using historical con-
trols found that rapid turnaround genetic testing for CYP2C9 
alleles and VKORC1 haplotypes reduced hospitalization rates, 
including the risk of hospitalization for bleeding or thromboem-
bolism.66 To help determine the best warfarin anticoagulation dos-
ing strategy, the National Heart, Lung, and Blood Institute (NHLBI) 

FIGURE 53-5 Parasternal short-
axis views of the right ventricle 
(RV) and left ventricle (LV) in 
diastole (A) and systole (B). There 
is diastolic and systolic bowing of 
interventricular septum (arrows) into 
LV, compatible with RV volume and 
pressure overloads, respectively. RV 
is appreciably dilated and markedly 
hypokinetic, with little change in 
apparent RV area from diastole to 
systole. PE, small pericardial effusion.
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is  sponsoring a large trial (NCT00839657) entitled Clarification of 
Optimal Anticoagulation through Genetics (COAG). More than 
1200 patients are being randomized to a genotype-guided versus 
 clinical-guided warfarin dosing algorithm. The primary endpoint 
is the percentage of time within therapeutic INR range. Results 
should be available in 2014.

NEW ANTICOAGULANT DRUGS

Novel oral anticoagulants provide rapid onset of action and are 
administered in fixed doses without routine laboratory coagula-
tion monitoring.67 Because their half-life is short, when they must 
be stopped for a diagnostic or surgical procedure, no bridging 
with a parenteral anticoagulant is needed. These medications 
have few drug-drug or drug-food interactions, making them more 
convenient to use than warfarin.68 Dabigatran, a direct throm-
bin  inhibitor (DTI), is noninferior to warfarin in a large-scale 
 randomized  double-blind double-dummy trial of acute VTE treat-
ment.69 Dabigatran is metabolized primarily by the kidney, whereas 
the anti–factor Xa agents rivaroxaban and apixaban depend less 
than dabigatran upon renal clearance. Rivaroxaban is noninferior 
to enoxaparin as a bridge to warfarin for treatment of acute VTE.70

Optimal Duration and Intensity 
of Anticoagulation
Optimal duration of anticoagulation depends mostly on whether 
the VTE was unprovoked and idiopathic or provoked by sur-
gery, trauma, birth control pills, pregnancy, or postmenopausal 
estrogen replacement. Idiopathic VTE has a much higher rate of 
 recurrence (≈40%-50% over the ensuing 10 years) than provoked 
VTE (≈20% over the ensuing 10 years) after cessation of anti-
coagulation. American College of Chest Physicians Guidelines 
 recommend consideration of indefinite duration anticoagula-
tion for idiopathic VTE if consistent with patient preference.71 
For  provoked  (secondary) VTE, these guidelines recommend 
3 months of anticoagulation.71 In the United States, however, many 
experts  recommend anticoagulation for approximately 6 months 
to treat proximal leg DVT or PE.

Sometimes it is difficult to classify a patient's event as idiopathic 
or provoked. In this situation, a time-limited duration of therapy 
can be justified by favorable prognostic indicators such as whether 
there is vein recanalization on repeat venous ultrasound of the 
legs72 or whether the D-dimer level has reverted to normal after 
stopping anticoagulation for about one month.73 A hypercoagula-
bility workup also can be useful under these circumstances. For 
example, patients with antiphospholipid antibody syndrome ben-
efit from indefinite duration anticoagulation.

Cancer patients with acute VTE receive LMWH as monotherapy 
for 3 months and then continue either LMWH or switch to warfarin. 
Anticoagulation should continue until the cancer is cured.

The optimal intensity of anticoagulation in patients with 
 idiopathic VTE is controversial. In PREVENT,74 a double-blind 
randomized controlled trial of idiopathic VTE patients who had 
completed an average of 6 months of full-intensity warfarin, low-
intensity warfarin (target INR of 1.5 to 2) for an average of 2 years 
reduced the recurrence rate by two thirds. Patients required INR 
testing only once every 8 weeks. The strategy of long-term low-inten-
sity warfarin was highly effective in preventing recurrence in all 
subgroups, even in those with factor V Leiden or the  prothrombin 
gene mutation. In the ELATE study of 739 patients with  idiopathic 
VTE,75  indefinite-duration full-intensity warfarin (target INR 2 to 3) 
was more effective and as safe as indefinite-duration low-intensity 
warfarin therapy (target INR 1.5 to 1.9).

Thrombolytic Therapy
Systemic thrombolysis is lifesaving and considered standard 
therapy in patients with massive PE and cardiogenic shock.76 
Thrombolysis rapidly reverses severe RV dysfunction by dissolu-
tion of pulmonary arterial thrombi that might otherwise lead to 

chronic pulmonary hypertension. Thrombolysis may also dissolve 
much of the source of the residual thrombus in the deep veins, 
thereby minimizing the likelihood of recurrent PE. In patients with 
acute PE, thrombolysis is effective up to 2 weeks after the onset of 
symptoms. The only contemporary FDA-approved thrombolytic 
regimen is a continuous IV infusion of alteplase 100 mg/2 h.

In the absence of PE-related cardiogenic shock, PE is classified as 
submassive if there is evidence of RV dysfunction. Administration 
of systemic thrombolysis remains controversial in these patients, 
because significant mortality reduction with thrombolysis has not 
yet been shown.57 In the largest thrombolysis study (MAPPET-3) 
of patients with submassive PE, heparin plus alteplase as a con-
tinuous infusion over 2 hours was compared with heparin alone.77 
Compared with heparin alone, thrombolysis markedly reduced 
adverse clinical outcomes from 25% to 11%, defined as the need 
for cardiopulmonary resuscitation, mechanical ventilation, admin-
istration of pressors, secondary rescue thrombolysis, or surgical 
embolectomy. No significant increase in major bleeding occurred, 
and there was no intracranial bleeding with alteplase among these 
carefully selected PE patients.

There are only 10 randomized PE trials of thrombolysis versus 
heparin alone, with a total of 717 patients. In an overview, there is 
a trend toward a one third reduction in the combined endpoint of 
mortality or recurrent PE, but a doubling of major hemorrhage.78 
The American College of Chest Physicians 2008 Guidelines recom-
mend consideration of thrombolysis for submassive PE patients 
who have a low bleeding risk.71

In a prospective study of 200 patients with submassive PE, 
 pulmonary artery systolic pressure 6 months after diagnosis 
increased in 27% of patients treated with heparin alone. Almost 
half of these patients with increased PAP were symptomatic with 
 dyspnea. Overall, in this cohort of submassive PE patients, the 
median 6-month decrease in estimated pulmonary artery  systolic 
pressure was 2 mmHg in heparin-alone patients,  compared with 
22 mmHg in patients treated with alteplase. None of the alteplase-
treated patients experienced an increase in PAP during the 
6 months of follow-up.79

The Pulmonary Embolism International Thrombolysis Trial 
(PEITHO) is an ongoing randomized trial of submassive PE, with 
the primary endpoint of all-cause mortality or hemodynamic 
 collapse within 7 days of diagnosis (NCT00639743). Patients are 
randomized to tenecteplase plus heparin versus heparin alone. 
More than half of the anticipated 1000 patients have been enrolled. 
The trial should be completed by 2013.

Catheter Intervention
Interventional thrombus fragmentation with or without embo-
lectomy (Table 53-3) is an alternative to systemic thrombolysis 
or surgical embolectomy in patients with massive PE.80 Catheter 
fragmentation, aspiration, or rheolysis can be combined with local 
or systemic thrombolysis.81 This combined approach is called 
 pharmacomechanical therapy.

DEVICE MECHANISM

Greenfield catheter Suction embolectomy

Pigtail catheter Fragmentation via catheter rotation without 
embolectomy

Amplatz device Clot maceration via high-speed impeller rotation 
that pulverizes, fragments, and recirculates small 
particles

AngioJet Embolectomy via high-pressure saline injection 
(Venturi effect)

Aspirex catheter Clot maceration and extraction

EKOS Ultrasound-facilitated thrombolysis

TABLE 53-3  Interventional Devices for Treatment of 
Massive Pulmonary Embolism
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Surgical Embolectomy
Emergency pulmonary embolectomy should be considered 
in patients with life-threatening PE in the setting of (1) a high 
bleeding risk from thrombolysis, (2) failed thrombolysis, or (3) 
presence of right atrial and ventricular thrombi. The operation 
involves a median sternotomy incision, institution of cardiopul-
monary bypass, and deep hypothermia with circulatory arrest 
periods. Optimal results are obtained if the PE is centrally located 
and if surgery is undertaken prior to development of cardiogenic 
shock and multisystem organ failure.82

Vena Cava Interruption
The two principal indications for vena cava filter placement 
are major contraindications to anticoagulation and recurrent 
 embolism despite adequate therapy. Filters reduce the risk of PE 
but increase the risk of DVT.83 Complications of IVC filter failure 
include filter migration or improper filter positioning, allowing 
thromboemboli to bypass the filter. Occasionally, IVC obstruc-
tion due to complete filter thrombosis may occur. Temporary 
 retrievable filters can be used in patients with a contraindication 
to anticoagulation that is expected to resolve over time.

Overall Management Strategy
Treatment decisions in acute PE are primarily based on the 
hemodynamic presentation of the patient (Fig. 53-6). Rapid 
institution of therapeutic levels of anticoagulation remains the 
foundation of therapy. Patients with massive PE and cardiogenic 
shock should receive a reperfusion regimen such as thrombol-
ysis,  catheter embolectomy, or surgical embolectomy. Optimal 
management of submassive PE patients with preserved systemic 
arterial pressure and RV dysfunction remains controversial. At 
especially high risk are normotensive PE patients (who may ini-
tially appear deceptively stable from a clinical viewpoint) with 
both RV enlargement and  troponin elevation.84

Anticoagulation is usually discontinued after 3 to 6 months in 
patients with transient VTE risk factors such as surgery or trauma. 
Indefinite-duration anticoagulation with warfarin is effective and 
safe for most patients with idiopathic PE.

Emotional Support
Although PE can be as devastating emotionally as MI, the psy-
chological burden for PE patients may be greater because the 
general public does not have as good an understanding of PE, 
 particularly regarding the possibility of long-term disability and 
incomplete recovery. Young patients with PE repeatedly voice a 
common theme. Although they appear healthy, they often have 
difficulty expressing their fears and feelings about this potentially 
life- threatening illness to close family and friends.

Discussion of the implications of VTE with the patient and fam-
ily may help reduce the emotional burden. One example is a PE 
 support group led by a nurse-physician team. Although these 
 sessions have an educational component, the major emphasis is 
peer  support to alleviate anxieties that occur in the aftermath of PE.

Nonthrombotic Pulmonary Embolism
Nonthrombotic material that can embolize to the lungs includes 
fat, air, amniotic fluid, tumor cells, talc in IV drug abusers, and medi-
cal devices.

Fat Embolism Syndrome
EPIDEMIOLOGY

Fat embolism syndrome usually occurs in the setting of trauma, 
particularly after fracture of long bones or the pelvis.85 The risk 
increases with the number of fractured bones, and the syndrome 
occurs more often with closed fractures than with open ones. Fat 
embolism also can complicate orthopedic surgery or trauma to 
 tissues rich in fat, such as may occur with liposuction.

PATHOBIOLOGY

Characterized by a combination of respiratory, neurological, 
hematological, and cutaneous manifestations, fat embolism syn-
drome reflects a combination of vascular obstruction by fat glob-
ules, as well as the deleterious effects of free fatty acids released 
from these fat globules by the action of lipoprotein lipases.86 
These free fatty acids increase vascular permeability, induce a 
capillary leak syndrome, and can trigger platelet aggregation.

CLINICAL MANIFESTATIONS

Symptoms typically develop 24 to 72 hours after trauma or sur-
gery.87 Patients often complain of vague chest pain and shortness 
of breath. Tachypnea and fever associated with disproportion-
ate tachycardia are common. The syndrome can rapidly  progress 
to severe hypoxemia that requires mechanical ventilation. 
Neurological manifestations, which often start after the respiratory 
distress, include drowsiness, confusion, decreased level of con-
sciousness, and seizures. Patients may have petechiae, particularly 
involving the conjunctiva, oral mucosa, and upper half of the body.

DIAGNOSIS

Fat embolism syndrome should be suspected when respiratory 
distress occurs a day or more after major trauma or  orthopedic 
surgery, particularly when there are associated neurological 
defects and petechiae. The chest radiograph may reveal dif-
fuse alveolar infiltrates.88 Although fat droplets may be found 
in bronchoalveolar lavage fluid, this finding lacks specificity for 
the fat embolism syndrome.

PREVENTION, TREATMENT, AND PROGNOSIS

Early stabilization of long-bone fractures reduces the risk of fat 
embolization. Supportive treatment should be provided, including 
oxygen and mechanical ventilation. The utility of corticosteroids 
remains controversial. Although mortality rates as high as 10% have 
been reported, the prognosis is generally good.85

PE TREATMENT ALGORITHM

Shock

Warfarin (INR 2.0-3.0) for 6 months

Warfarin indefinite duration
in idiopathic PE

Thrombolysis,
catheter embolectomy, or

surgical embolectomy

Heparin/LMWH alone
± IVC filter

No shock

RV dysfunction* No RV dysfunction

FIGURE 53-6 Suggested management strategy for pulmonary 
embolism (PE). Patients with right ventricular (RV) dysfunction and a 
preserved arterial blood pressure are candidates for thrombolysis in the absence 
of contraindications.  INR, International Normalized Ratio; IVC, inferior vena cava; 
LMWH, low-molecular-weight heparin.
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Venous Air Embolism
EPIDEMIOLOGY

Venous air embolism, which involves entrapment of environmental 
air or exogenous gas in the venous system, requires direct commu-
nication between the air and a vein, as well as a pressure gradient 
that favors entry of air into the vein.89 Air can be introduced via 
indwelling central venous catheters, as a consequence of invasive 
surgical or medical procedures, or after barotrauma.

PATHOBIOLOGY

Large venous air emboli obstruct the RV pulmonary outflow tract, 
whereas mixtures of air bubbles and fibrin thrombi can obstruct 
pulmonary arterioles. In either case, RV failure can result. With a 
patent foramen ovale, venous air emboli can enter the coronary, 
cerebral or systemic circulation.

CLINICAL MANIFESTATIONS

Symptoms and signs depend on the volume of air and the rapid-
ity of its entry into the circulation.90 Large rapid boluses of air are 
tolerated less well than slow entry of smaller amounts. Small air 
emboli may be asymptomatic. With larger emboli, patients often 
complain of dyspnea and retrosternal chest discomfort, and they 
may feel lightheaded. Physical findings include tachypnea, tachy-
cardia, and evidence of respiratory distress. Patients may have signs 
of right heart failure. A continuous drum-like mill-wheel murmur, 
which reflects air in the right ventricle, may be heard.

DIAGNOSIS

Patients may present with ECG evidence of RV  dysfunction asso-
ciated with elevated levels of troponin, indicative of myocardial 
injury. Echocardiography or chest CT may reveal air in the right 
ventricle. Patients may have hypoxemia and hypercapnia, and the 
platelet count may be low.91

PREVENTION AND TREATMENT

All catheters should be removed using techniques that minimize 
air embolism. Air should be removed from syringes prior to injec-
tion, and care should be taken during surgery to ensure that air 
bubbles do not form in blood vessels.92 To avoid air embolism asso-
ciated with barotrauma, divers require training in how to dive and 
surface safely.

The source of any air embolism should be identified so further 
embolism can be prevented. Left lateral decubitus positioning may 
benefit patients who have a large air bubble trapped in the RV 
outflow tract; such positioning places the outflow tract below the 
RV cavity, thereby allowing the air bubble to migrate into a non-
obstructing position. Aspiration of air from the right ventricle via 
a central venous catheter may also be of benefit. Patients should 
receive high-flow supplemental oxygen, and hyperbaric oxygen-
ation should be considered for patients with cardiac or neurologi-
cal dysfunction.

PROGNOSIS

Outcome depends on the extent of air embolism. With good 
 supportive care, the mortality rate can be less than 10%, even in 
patients with major air emboli. However, residual neurological 
defects often persist.

Amniotic Fluid Embolism
EPIDEMIOLOGY AND PATHOBIOLOGY

Amniotic fluid embolism is a rare but catastrophic complication 
of pregnancy, occurring in about 1 in 8000 to 1 in 80,000 pregnan-
cies.93 The syndrome develops when amniotic fluid and fetal cells 
enter the maternal bloodstream through small tears in the uterine 

veins during labor. Emboli to the heart and lungs cause cardiac 
dysfunction and respiratory distress. In addition, amniotic fluid 
and other debris activate the coagulation system, and the resultant 
thrombin then triggers fibrin formation and platelet activation to 
induce disseminated intravascular coagulation (DIC).

CLINICAL MANIFESTATIONS AND DIAGNOSIS

The syndrome often starts with the abrupt onset of  dyspnea, 
 cyanosis, and hypotension that can rapidly progress to 
 cardiovascular  collapse and death. Patients who survive this stage 
often develop manifestations of DIC characterized by diffuse 
bleeding, petechiae, and ecchymoses.94

The diagnosis should be suspected in women late in pregnancy, 
often in labor, who present with sudden onset of respiratory 
 distress followed by cyanosis, hypotension, and shock. These find-
ings are often associated with confusion or reduced level of con-
sciousness, seizures, and evidence of a consumptive coagulopathy.

TREATMENT

Supportive measures include oxygen, mechanical ventilation, and 
hemodynamic support. Fresh frozen plasma, cryoprecipitate, and 
platelet transfusions can be given to replace consumed clotting 
factors and platelets. Heparin, often in low therapeutic doses, may 
be useful in some cases. If amniotic fluid embolism occurs before 
or during delivery, the fetus often has a poor outcome. As soon as 
the mother stabilizes, therefore, every attempt should be made to 
deliver the fetus.

PROGNOSIS

Although rare, amniotic fluid embolism remains a leading cause 
of maternal death during labor and the first few hours after deliv-
ery. Despite advances in critical care management, maternal and 
fetal mortality continue to be about 60% and 20%, respectively, 
with up to half of the survivors, both mother and baby, suffering 
from  permanent hypoxia-induced neurological dysfunction.

Other Embolic Material
Many substances such as talc, starch, and cellulose are used as fill-
ers in the manufacture of drugs. Some of these drugs are ground 
up by drug users, mixed in liquids, and then injected intravenously. 
The filler particles can then be trapped in the pulmonary vascula-
ture where they can induce granuloma formation.95

Tumor emboli in the lung can mimic pneumonia, tuberculosis, 
or interstitial lung disease on the chest radiograph. Cancers of the 
prostate and breast are the most common sources of such emboli, 
followed by hepatoma and cancers of the stomach and pancreas. 
Although found in up to 26% of autopsies in patients with advanced 
cancer, tumor emboli are infrequently identified before death.

Various types of intravascular devices can embolize to the lungs, 
including vena cava filters, broken catheter tips, guidewires, stent 
fragments, and coils used for embolization. Many of these devices 
lodge in the right atrium, right ventricle, or pulmonary arteries. 
Intravascular retrieval can recover most of these devices; open 
 surgery may be required for the remainder.

REFERENCES
 1 www.surgeongeneral.Gov/topics/deepvein/. Accessed November 2010.
 2. Goldhaber SZ, Visani L, De Rosa M: Acute pulmonary embolism: clinical outcomes in the 

International Cooperative Pulmonary Embolism Registry (ICOPER), Lancet 353:1386–1389, 1999.
 3. Klok FA, Zondag W, van Kralingen KW, et al: Patient outcomes after acute pulmonary 

embolism. A pooled survival analysis of different adverse events, Am J Respir Crit Care Med 
181:501–506, 2009.

 4. Hoeper MM, Mayer E, Simonneau G, et al: Chronic thromboembolic pulmonary 
hypertension, Circulation 113:2011–2020, 2006.

 5. Vazquez SR, Kahn SR: Postthrombotic syndrome. Cardiology patient page, Circulation 
121:e217–e219, 2010.

 6. Park B, Messina L, Dargon P, et al: Recent trends in clinical outcomes and resource utilization 
for pulmonary embolism in the united states: findings from the nationwide inpatient 
sample, Chest 136:983–990, 2009.



637

CH 
53

Pu
LM

O
n

A
Ry

 EM
bO

LISM
 7. Ng TM, Tsai F, Khatri N, et al: Venous thromboembolism in hospitalized patients with heart 

failure: incidence, prognosis, and prevention, Circ Heart Fail 3:165–173, 2010.
 8. Goldhaber SZ: Risk factors for venous thromboembolism, J Am Coll Cardiol 56:1–7, 2010.
 9. Spencer FA, Goldberg RJ, Lessard D, et al: Factors associated with adverse outcomes 

in outpatients presenting with pulmonary embolism: the Worcester venous 
thromboembolism study, Circ Cardiovasc Qual Outcomes 3:390–394, 2010.

 10. Goldhaber SZ, Tapson VF: A prospective registry of 5,451 patients with ultrasound-
confirmed deep vein thrombosis, Am J Cardiol 93:259–262, 2004.

 11. Undas A, Sydor WJ, Brummel K, et al: Aspirin alters the cardioprotective effects of the factor 
xiii val34leu polymorphism, Circulation 107:17–20, 2003.

 12. Chew HK, Wun T, Harvey D, et al: Incidence of venous thromboembolism and its effect on 
survival among patients with common cancers, Arch Intern Med 166:458–464, 2006.

 13. Carrier M, Le Gal G, Wells PS, et al: Systematic review: the Trousseau syndrome revisited: 
should we screen extensively for cancer in patients with venous thromboembolism? Ann 
Intern Med 149:323–333, 2008.

 14. Lapostolle F, Surget V, Borron SW, et al: Severe pulmonary embolism associated with air 
travel, N Engl J Med 345:779–783, 2001.

 15. Chandra D, Parisini E, Mozaffarian D: Meta-analysis: travel and risk for venous thromboembolism, 
Ann Intern Med 151:180–190, 2009.

 16. Petitti DB: Clinical practice. Combination estrogen-progestin oral contraceptives, N Engl J 
Med 349:1443–1450, 2003.

 17. Greer IA: Prevention and management of venous thromboembolism in pregnancy, Clin 
Chest Med 24:123–137, 2003.

 18. Rossouw JE, Anderson GL, Prentice RL, et al: Risks and benefits of estrogen plus progestin 
in healthy postmenopausal women: principal results from the Women's Health Initiative 
randomized controlled trial, JAMA 288:321–333, 2002.

 19. Joffe HV, Goldhaber SZ: Laboratory thrombophilias and venous thromboembolism, Vasc 
Med 7:93–102, 2002.

 20. Goldhaber SZ, Elliott CG: Acute pulmonary embolism: part I: epidemiology, pathophysiology, 
and diagnosis, Circulation 108:2726–2729, 2003.

 21. Kucher N, Printzen G, Goldhaber SZ: Prognostic role of brain natriuretic peptide in acute 
pulmonary embolism, Circulation 107:2545–2547, 2003.

 22. Lankeit M, Friesen D, Aschoff J, et al: Highly sensitive troponin t assay in normotensive 
patients with acute pulmonary embolism, Eur Heart J 31:1836–1844, 2010.

 23. Deitelzweig SB, Becker R, Lin J, et al: Comparison of the two-year outcomes and costs of 
prophylaxis in medical patients at risk of venous thromboembolism, Thromb Haemost 
100:810–820, 2008.

 24. Geerts WH, Bergqvist D, Pineo GF, et al: Prevention of venous thromboembolism: American 
College of Chest Physicians evidence-based clinical practice guidelines (8th edition), Chest 
133:381S–453S, 2008.

 25. Tapson VF, Decousus H, Pini M, et al: Venous thromboembolism prophylaxis in acutely ill 
hospitalized medical patients: findings from the International Medical Prevention Registry 
on venous thromboembolism, Chest 132:936–945, 2007.

 26. Cohen AT, Tapson VF, Bergmann JF, et al: Venous thromboembolism risk and prophylaxis 
in the acute hospital care setting (ENDORSE Study): a multinational cross-sectional study, 
Lancet 371:387–394, 2008.

 27. Streiff MB, Haut ER: The CMS ruling on venous thromboembolism after total knee or hip 
arthroplasty: weighing risks and benefits, JAMA 301:1063–1065, 2009.

 28. Pronovost PJ, Goeschel CA, Wachter RM: The wisdom and justice of not paying for 
“preventable complications”, JAMA 299:2197–2199, 2008.

 29. Piazza G, Goldhaber SZ: Improving clinical effectiveness in thromboprophylaxis for 
hospitalized medical patients, Am J Med 122:230–232, 2009.

 30. Piazza G, Goldhaber SZ: Physician alerts to prevent venous thromboembolism, J Thromb 
Thrombolysis 30:1–6, 2009.

 31. Piazza G, Goldhaber SZ: Computerized decision support for the cardiovascular clinician: 
applications for venous thromboembolism prevention and beyond, Circulation 120:1133–1137, 
2009.

 32. Kucher N, Koo S, Quiroz R, et al: Electronic alerts to prevent venous thromboembolism 
among hospitalized patients, N Engl J Med 352:969–977, 2005.

 33. Fiumara K, Piovella C, Hurwitz S, et al: Multi-screen electronic alerts to augment venous 
thromboembolism prophylaxis, Thromb Haemost 103:312–317, 2010.

 34. Piazza G, Rosenbaum EJ, Pendergast W, et al: Physician alerts to prevent symptomatic 
venous thromboembolism in hospitalized patients, Circulation 119:2196–2201, 2009.

 35. Piazza G, Fanikos J, Zayaruzny M, et al: Venous thromboembolic events in hospitalised 
medical patients, Thromb Haemost 102:505–510, 2009.

 36. Fanikos J, Piazza G, Zayaruzny M, et al: Long-term complications of medical patients with 
hospital-acquired venous thromboembolism, Thromb Haemost 102:688–693, 2009.

 37. Turpie AG, Bauer KA, Caprini JA, et al: Fondaparinux combined with intermittent pneumatic 
compression vs. intermittent pneumatic compression alone for prevention of venous 
thromboembolism after abdominal surgery: a randomized, double-blind comparison, 
J Thromb Haemost 5:1854–1861, 2007.

 38. Dennis M, Sandercock PA, Reid J, et al: Effectiveness of thigh-length graduated compression 
stockings to reduce the risk of deep vein thrombosis after stroke (CLOTS Trial 1):  
a multicentre, randomised controlled trial, Lancet 373:1958–1965, 2009.

 39. Cohen AT, Davidson BL, Gallus AS, et al: Efficacy and safety of fondaparinux for the 
prevention of venous thromboembolism in older acute medical patients: randomised 
placebo controlled trial, BMJ 332:325–329, 2006.

 40. Glynn RJ, Ridker PM, Goldhaber SZ, et al: Effects of random allocation to vitamin e 
supplementation on the occurrence of venous thromboembolism: report from the 
Women's Health Study, Circulation 116:1497–1503, 2007.

 41. Glynn RJ, Danielson E, Fonseca FA, et al: A randomized trial of rosuvastatin in the prevention 
of venous thromboembolism, N Engl J Med 360:1851–1861, 2009.

 42. Sweetland S, Green J, Liu B, et al: Duration and magnitude of the postoperative risk 
of venous thromboembolism in middle aged women: prospective cohort study,  
BMJ 339:b4583, 2009.

 43. Arcelus JI, Monreal M, Caprini JA, et al: Clinical presentation and time-course of postoperative 
venous thromboembolism: results from the RIETE Registry, Thromb Haemost 99:546–551, 2008.

 44. Hull RD, Schellong SM, Tapson VF, et al: Extended-duration venous thromboembolism 
prophylaxis in acutely ill medical patients with recently reduced mobility: a randomized 
trial, Ann Intern Med 153:8–18, 2010.

 45. Kent DM, Lindenauer PK: Aggregating and disaggregating patients in clinical trials and 
their subgroup analyses, Ann Intern Med 153:51–52, 2010.

 46. Wells PS, Anderson DR, Rodger M, et al: Derivation of a simple clinical model to categorize 
patients probability of pulmonary embolism: increasing the models utility with the 
simplified D-dimer, Thromb Haemost 83:416–420, 2000.

 47. Stein PD, Terrin ML, Hales CA, et al: Clinical, laboratory, roentgenographic, and 
electrocardiographic findings in patients with acute pulmonary embolism and no  pre-
existing cardiac or pulmonary disease, Chest 100:598–603, 1991.

 48. Goldhaber SZ, Simons GR, Elliott CG, et al: Quantitative plasma d-dimer levels among 
patients undergoing pulmonary angiography for suspected pulmonary embolism, JAMA 
270:2819–2822, 1993.

 49. Value of the ventilation/perfusion scan in acute pulmonary embolism. Results of the 
Prospective Investigation of Pulmonary Embolism Diagnosis (PIOPED). The PIOPED 
investigators, JAMA 263:2753–2759, 1990.

 50. Hunsaker AR, Lu MT, Goldhaber SZ, et al: Imaging in acute pulmonary embolism with 
special clinical scenarios, Circ Cardiovasc Imaging 3:491–500, 2010.

 51. Quiroz R, Kucher N, Zou KH, et al: Clinical validity of a negative computed tomography 
scan in patients with suspected pulmonary embolism: a systematic review, JAMA 293: 
2012–2017, 2005.

 52. Stein PD, Chenevert TL, Fowler SE, et al: Gadolinium-enhanced magnetic resonance 
angiography for pulmonary embolism: a multicenter prospective study (PIOPED III), Ann 
Intern Med 152:434–443, W142–W433, 2010.

 53. Johnson SA, Stevens SM, Woller SC, et al: Risk of deep vein thrombosis following a single 
negative whole-leg compression ultrasound: a systematic review and meta-analysis, JAMA 
303:438–445, 2010.

 54. Goldhaber SZ: Echocardiography in the management of pulmonary embolism, Ann Intern 
Med 136:691–700, 2002.

 55. Piazza G, Goldhaber SZ: The acutely decompensated right ventricle: pathways for diagnosis 
and management, Chest 128:1836–1852, 2005.

 56. Kucher N, Goldhaber SZ: Risk stratification of acute pulmonary embolism, Semin Thromb 
Hemost 32:838–847, 2006.

 57. Piazza G, Goldhaber SZ: Management of submassive pulmonary embolism, Circulation 
122:1124–1129, 2010.

 58. Donze J, Le Gal G, Fine MJ, et al: Prospective validation of the pulmonary embolism 
severity index. A clinical prognostic model for pulmonary embolism, Thromb Haemost 100: 
943–948, 2008.

 59. Jimenez D, Aujesky D, Moores L, et al: Simplification of the pulmonary embolism severity 
index for prognostication in patients with acute symptomatic pulmonary embolism, Arch 
Intern Med 170:1383–1389, 2010.

 60. McConnell MV, Solomon SD, Rayan ME, et al: Regional right ventricular dysfunction 
detected by echocardiography in acute pulmonary embolism, Am J Cardiol 78:469–473, 
1996.

 61. Dellas C, Puls M, Lankeit M, et al: Elevated heart-type fatty acid-binding protein levels on 
admission predict an adverse outcome in normotensive patients with acute pulmonary 
embolism, J Am Coll Cardiol 55:2150–2157, 2010.

 62. Raschke RA, Reilly BM, Guidry JR, et al: The weight-based heparin dosing nomogram 
compared with a “standard care” nomogram. A randomized controlled trial, Ann Intern Med 
119:874–881, 1993.

 63. Lee AY, Levine MN, Baker RI, et al: Low-molecular-weight heparin versus a coumarin for the 
prevention of recurrent venous thromboembolism in patients with cancer, N Engl J Med 
349:146–153, 2003.

 64. Klein TE, Altman RB, Eriksson N, et al: Estimation of the warfarin dose with clinical and 
pharmacogenetic data, N Engl J Med 360:753–764, 2009.

 65. Eckman MH, Rosand J, Greenberg SM, et al: Cost-effectiveness of using pharmacogenetic 
information in warfarin dosing for patients with nonvalvular atrial fibrillation, Ann Intern 
Med 150:73–83, 2009.

 66. Epstein RS, Moyer TP, Aubert RE, et al: Warfarin genotyping reduces hospitalization rates 
results from the MM-WES (Medco-Mayo Warfarin Effectiveness Study), J Am Coll Cardiol 
55:2804–2812, 2010.

 67. Ahrens I, Lip GY, Peter K: New oral anticoagulant drugs in cardiovascular disease, Thromb 
Haemost 104:49–60, 2010.

 68. Eikelboom JW, Weitz JI: New anticoagulants, Circulation 121:1523–1532, 2010.
 69. Schulman S, Kearon C, Kakkar AK, et al: Dabigatran versus warfarin in the treatment of 

acute venous thromboembolism, N Engl J Med 361:2342–2352, 2009.
 70. Bauersachs R, Berkowitz SD, Brenner B, et al: Oral rivaroxaban for symptomatic venous 

thromboembolism, N Engl J Med 363:2499–2510, 2010.
 71. Kearon C, Kahn SR, Agnelli G, et al: Antithrombotic therapy for venous thromboembolic 

disease: American College of Chest Physicians evidence-based clinical practice guidelines 
(8th edition), Chest 133:454S–545S, 2008.

 72. Prandoni P, Prins MH, Lensing AW, et al: Residual thrombosis on ultrasonography to guide 
the duration of anticoagulation in patients with deep venous thrombosis: a randomized 
trial, Ann Intern Med 150:577–585, 2009.

 73. Bruinstroop E, Klok FA, Van De Ree MA, et al: Elevated D-dimer levels predict recurrence 
in patients with idiopathic venous thromboembolism: a meta-analysis, J Thromb Haemost 
7:611–618, 2009.

 74. Ridker PM, Goldhaber SZ, Danielson E, et al: Long-term, low-intensity warfarin therapy for 
the prevention of recurrent venous thromboembolism, N Engl J Med 348:1425–1434, 2003.

 75. Kearon C, Ginsberg JS, Kovacs MJ, et al: Comparison of low-intensity warfarin therapy with 
conventional-intensity warfarin therapy for long-term prevention of recurrent venous 
thromboembolism, N Engl J Med 349:631–639, 2003.

 76. Jaff MR, McMurtry MS, Archer SL, et al: Management of massive and submassive pulmonary 
embolism, iliofemoral deep vein thrombosis, and chronic thromboembolic pulmonary 
hypertension: a scientific statement from the American Heart Association, Circulation 
123:1788–1830, 2011.



638

CH 
53

 77. Konstantinides S, Geibel A, Heusel G, et al: Heparin plus alteplase compared with heparin 
alone in patients with submassive pulmonary embolism, N Engl J Med 347:1143–1150, 
2002.

 78. Wan S, Quinlan DJ, Agnelli G, et al: Thrombolysis compared with heparin for the initial 
treatment of pulmonary embolism: a meta-analysis of the randomized controlled trials, 
Circulation 110:744–749, 2004.

 79. Kline JA, Steuerwald MT, Marchick MR, et al: Prospective evaluation of right ventricular 
function and functional status 6 months after acute submassive pulmonary embolism: 
frequency of persistent or subsequent elevation in estimated pulmonary artery pressure, 
Chest 136:1202–1210, 2009.

 80. Kucher N: Catheter embolectomy for acute pulmonary embolism, Chest 132:657–663, 
2007.

 81. Kuo WT, Gould MK, Louie JD, et al: Catheter-directed therapy for the treatment of massive 
pulmonary embolism: systematic review and meta-analysis of modern techniques, J Vasc 
Interv Radiol 20:1431–1440, 2009.

 82. Leacche M, Unic D, Goldhaber SZ, et al: Modern surgical treatment of massive pulmonary 
embolism: results in 47 consecutive patients after rapid diagnosis and aggressive surgical 
approach, J Thorac Cardiovasc Surg 129:1018–1023, 2005.

 83. Eight-year follow-up of patients with permanent vena cava filters in the prevention 
of pulmonary embolism: the PREPIC (Prevention du Risque d'Embolie Pulmonaire par 
Interruption Cave) randomized study, Circulation 112:416–422, 2005.

 84. Stein PD, Matta F, Janjua M, et al: Outcome in stable patients with acute pulmonary 
embolism who had right ventricular enlargement and/or elevated levels of troponin i,  
Am J Cardiol 106:558–563, 2010.

 85. Mellor A, Soni N: Fat embolism, Anaesthesia 56:145–154, 2001.
 86. Sevitt S: The significance and pathology of fat embolism, Ann Clin Res 9:173–180, 1977.
 87. Carr JB, Hansen ST: Fulminant fat embolism, Orthopedics 13:258–261, 1990.
 88. Rossi SE, Goodman PC, Franquet T: Nonthrombotic pulmonary emboli, AJR Am J Roentgenol 

174:1499–1508, 2000.
 89. Jorens PG, Van Marck E, Snoeckx A, et al: Nonthrombotic pulmonary embolism, Eur Respir J 

34:452–474, 2009.
 90. O'Quin RJ, Lakshminarayan S: Venous air embolism, Arch Intern Med 142:2173–2176, 1982.
 91. Mirski MA, Lele AV, Fitzsimmons L, et al: Diagnosis and treatment of vascular air embolism, 

Anesthesiology 106:164–177, 2007.
 92. Orebaugh SL: Venous air embolism: clinical and experimental considerations, Crit Care Med 

20:1169–1177, 1992.
 93. O'Shea A, Eappen S: Amniotic fluid embolism, Int Anesthesiol Clin 45:17–28, 2007.
 94. Gist RS, Stafford IP, Leibowitz AB, et al: Amniotic fluid embolism, Anesth Analg 

108:1599–1602, 2009.
 95. Torbicki A, Perrier A, Konstantinides S, et al: Guidelines on the diagnosis and management of acute 

pulmonary embolism: the Task Force for the Diagnosis and Management of Acute Pulmonary 
Embolism of the European Society of Cardiology (ESC), Eur Heart J 29:2276–2315, 2008.



PART XV

639

C H A P T E R  54  Varicose Veins
Alfonso J. Tafur, Suman Rathbun

CHRONIC VENOUS DISORDERS

639

Epidemiology
Varicose veins (VVs) are tortuous, dilated, bulging, superficial veins 
typically measuring 4 mm or larger.1 Varicose veins are the most com-
mon manifestation of chronic venous insufficiency (CVI) and affect 
up to 25% of women and 15% of men.1,2 In the Framingham Study, 
which includes men and women between the ages of 30 and 62 from 
the town of Framingham, Massachusetts, the annual incidence of VVs 
is 2.6% among women and 1.9% among men.3 Risk factors include 
female gender, advancing age, family history, pregnancy, prolonged 
standing, obesity, vascular malformations, and hormone therapy.1,4 
Varicose veins are more common in patients of European ancestry 
compared to Blacks or Asians.3 Approximately 4% of the women pre-
senting with VVs have pelvic vein reflux as the underlying etiology.5 
Pregnancy and deep venous reflux are also associated with VV recur-
rence after treatment.4

Other patterns of venous pathology include reticular veins, 
which are smaller, 1- to 3-mm diameter, flat, blue-green colored, less 
tortuous veins.1 Telangiectasias, or spider veins, are 1 mm or less, 
and blue, black, purple, or reddish in appearance.1 A cross-sectional 
study of a random sample of 1566 subjects 18 to 64 years of age 
from the general population in Scotland found that telangiecta-
sias and reticular veins were each present in approximately 80% of 
men and 85% of women.6

The chronic nature of VVs has a major impact on healthcare 
resources. It is estimated that venous ulcers cause the loss of 
approximately 2 million working days annually, generating a cost  
of more than $3 billion per year in the United States alone.3 
Moreover, beyond the purely economical impact of VVs, chronic 
venous disease is associated with reduced quality of life, with par-
ticularly negative impact on pain, physical function, and mobility 
measures.3 The same is true for patients who develop venous ulcers, 
with effect on quality of life directly related to severity of disease.3

Anatomy
Broadly, the veins of the lower extremity are divided into three sys-
tems confluent in a single network, which ultimately drains into 
the external iliac vein. This venous network includes the superficial 
veins, deep venous system, and their mutual connections, as well 
as the perforators (Fig. 54-1). The deep compartment includes the 
deep venous system and it is bordered by the fascia muscularis. 
The superficial compartment is externally bordered by the dermis.7 
The tissue situated under the dermis is called the tela subcutanea 
(subcutaneous tissue) and contains the saphenous vein. Within 
the superficial compartment, a narrow anatomical space called 
the saphenous compartment can be identified by ultrasound eval-
uation. Externally bordered by the saphenous fascia, this compart-
ment covers the proper venae saphenae and their beginnings. The 
term perforating veins or perforators is reserved only for those veins 
that penetrate the fascia muscularis to connect the superficial sys-
tem to the deep venous system. Conversely, communicating veins 
connect veins of the same venous system.

The great saphenous vein (GSV) is the longest vein in the entire 
human body. It starts at the medial side of the foot and courses 
proximally along the medial side of the calf as the marginal medial 
vein together with the saphenous nerve.7 The main tributaries are 
the posterior accessory GSV and the anterior accessory GSV. The 
vein continues alone on the medial side of the thigh and crosses 
through the saphenous hiatus into the common femoral vein. The 
normal caliber of the GSV is 3 to 4 mm, and it has 10 to 20 valves.7 
The GSV is bifid in about 20% of legs, but two venous trunks of 
the GSV in the same compartment, constituting a true duplication, 
occurs in only 1% of cases. The small saphenous vein (SSV) is the 
second largest vein of the lower limb. It begins on the lateral side 
of the foot dorsum and runs along the lateral margin of the foot as 
the lateral marginal vein. It penetrates the popliteal fascia into the 
popliteal vein. In one third of cases, blood flows via various com-
municating veins to the system of the great saphenous. In one tenth 
of cases, it flows via the gastrocnemii veins and perforating veins 
into the deep venous system. The SSV is usually 3 mm wide and 
contains 7 to 13 valves. It is accompanied by the small saphenous 
artery, which must not be confused with the vein during sclero-
therapy injection.7

Some of the perforating veins are consistently located. The thigh 
perforators include the medial thigh (formerly Hunter's perforator), 
anterior thigh, lateral thigh, and posterior thigh perforating veins, 
and the pudendal perforating vein. The knee perforators include 
the medial knee (formerly Boyd's perforator), suprapatellar, lat-
eral knee, infrapatellar, and popliteal fossa perforating veins. The 
leg perforators include the paratibial, posterior tibial (formerly 
Cockett's perforating vein), anterior leg, lateral leg, and posterior 
leg (medial and lateral gastrocnemius, intergemellar, para- 
Achillean) perforating veins. Other groups include the gluteal, 
ankle, and foot perforating veins. The perforator system does play a 
key role in calf muscle pump function (Fig. 54-2A).

A system of subcutaneous veins spreads on the lateral aspect 
of the thigh and leg as a developmental remnant of the embry-
onic lateral marginal vein, which fades out and is replaced with 
the system of the saphenous veins and may be abnormally devel-
oped in patients with Klippel-Trénaunay's or Parkes-Weber's syn-
dromes. In relation to the surface, there are three levels of venous 
plexuses: dermal, hypodermal, and deep. The dermal veins involve 
the superficial subpapillary venous plexus and the deep dermal 
venous plexus7 (Fig. 54-3).

Pathogenesis
Varicose veins are caused by weakness in the vein wall, and accord-
ing to their underlying etiology can be divided into primary or sec-
ondary. Primary VVs result from idiopathic structural or functional 
defects in the venous system. Secondary VVs result from under-
l ying venous obstruction, most commonly deep vein thrombosis 
(DVT) or underlying deep venous insufficiency1 (see Fig. 54-2B-C). 
Primary valvular incompetence is more frequent. Approximately 
8 in 10 individuals with VVs have primary valvular incompetence. 



640

CH 
54

Secondary valvular reflux is usually due to trauma or thrombosis. 
Congenital anomalies only occur in about 2% of cases.3 Secondary 
chronic venous disease progresses faster than primary.

A key factor in the development of VVs is venous hypertension. 
Venous pressure is directly proportional to the weight of the col-
umn of blood from the right atrium to the foot and is reduced 
by pressures generated by muscle contractions. When standing, 
venous pressure is as high as 90 mmHg. It temporarily increases 
with muscle pumping, but then rapidly decreases as the function-
ing venous valves guide blood flow toward the heart. A well-func-
tioning calf muscle pumping mechanism decreases the venous 
pressure to less than 30 mmHg.3 The constant insult of increased 
venous pressure degenerates in stretching, splitting, tearing, thin-
ning, and adhesion of valves, causing inflammation.3 Adjuvant fac-
tors for development of excessive venous hypertension include 
failure of the calf muscle pump and obesity. Ultimately, prolonged 
venous hypertension leads to venous valvular incompetence or 
reflux and venous dilation.1 Venous defects increase venous hyper-
tension and cause weakened venous walls, abnormal distention of 
the surrounding connective tissue, and separation of valve cusps.

Elevated venous pressure may also generate edema. Prominent 
swelling is not a usual feature of VVs, but episodic ankle edema 
is common.8 A small percentage of patients develop complica-
tions including dermatitis, superficial thrombophlebitis, or bleed-
ing. Thrombophlebitis may occur spontaneously or result from 
an injury. Skin changes in chronic venous disease are proportion-
ately related to the severity of venous hypertension. Up to 100% 
of patients with postexercise venous pressures of more than 
90 mmHg develop venous ulcers.3 Patients with CVI and deep vein 
incompetence are at greatly increased risk of developing ulcers.9 
Conversely, frequent dorsiflexion of the ankle and an effective calf 
muscle pump are protective factors (see Fig. 54-2A). Poor prognos-
tic factors favoring progression include the combination of reflux 
and obstruction, ipsilateral recurrent DVT, and multisegmental 
involvement.10

Inflammatory changes also contribute to the genesis of VVs. 
Blood returning from feet that have been passively dependent 
for 40 to 60 minutes is depleted of leukocytes, suggesting that 
leukocytes accumulate and locally participate in the inflamma-
tory cascade.3 Circulating leukocytes and vascular endothelial 
cells (ECs) express several types of adhesion molecules. Integrin 
binding promotes firm adhesion of leukocytes, the starting point 

for their migration out of the vasculature and degranulation. The 
activated leucocytes shed l-selectin into the plasma and express 
members of the integrin family.3 This is the backbone of the micro-
vascular leukocyte-trapping hypothesis. Local inflammation asso-
ciated with intercellular adhesion molecule (ICAM)-1 expression 
increases monocyte and macrophage adhesion. The valve dam-
age is augmented by disturbed excessive collagen type 1 synthesis, 
which increases venous rigidity.3 Finally, matrix metalloproteinases 
(MMPs) and serine proteinases favor the accumulation of extracel-
lular matrix (ECM) material in VVs.3,11

Clinical Manifestations
Clinical manifestations of VV range from cosmetic problems to 
severe symptoms, including ulceration. Chronic venous insuffi-
ciency can be classified by clinical presentation, etiology, anatomy, 
and pathophysiology (CEAP Classification)8,12 (see Chapter 55). 
Clinically, however, the patterns may be classified as complicated 
and uncomplicated varices. Uncomplicated VVs may need only 
cosmetic treatment or reassurance. Patients with complicated VVs 
may develop heaviness, fatigue, local pain, spontaneous bleeding, 
and superficial thrombophlebitis. Varicose veins may cause edema, 
pain, and skin changes such as stasis dermatitis and ulceration. 
Venous ulcerations can take more than 9 months to heal, with one 
study reporting that 66% of ulcers last longer than 5 years.1 All these 
symptoms impair activities of daily living.1

Multiple questionnaires and instruments measure the effect of 
venous disease on quality of life. Most are subjective and completed 
by the patient. The Chronic Venous Insufficiency Questionnaire 
(CIVIQ) was validated in a sample of 2001 patients and measures 
the psychological, social, physical, and pain domains. A revised ver-
sion of the instrument, the CIVIQ 2, equally weighted the categories 
across 20 questions to provide a global score. This measure is used 
to follow quality-of-life (QOL) improvement after therapy for chronic 
venous insufficiency, including VVs. The Aberdeen Varicose Vein 
Questionnaire (AVVQ) includes 13 questions on physical symptoms 
and social issues, including pain, ankle edema, ulcers, compression 
therapy use, and the effect of VVs on daily activities. The disease- 
specific index is graded from 0 to 100 (extreme venous symptoms).13 
This measure has also been validated for patient follow-up after inter-
vention.14 The Venous Insufficiency Epidemiological and Economic 
Study (VEINES) instrument  consists of 35 items in two categories  
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to generate two summary scores. It includes the VEINES-QOL, with 
25 QOL questions, and the VEINES-Sym, with 10 symptom ques-
tions.14 The focus of this measure is on physical symptoms of 
venous disease, in particular postthrombotic syndrome. It has been 
validated in patients with DVT. In 2004, Kahn et al. compared the 
VEINES and the 36-item Short-Form Health Survey (SF-36) with 
CEAP classification in 1531 patients from four countries to exam-
ine the effect of patient-related QOL reporting on interpreting out-
comes in venous studies. Higher CEAP class was directly associated  

with and predictive of the VEINES-QOL.14 The Charing Cross Venous 
Ulceration Questionnaire (CXVUQ) was developed for patients with 
venous ulcers, and its performance is not impaired by the treatment 
option selected.14 Finally, the Venous Severity Score (VSS) system 
was derived from the CEAP classification and has three elements: 
the venous disability score (VDS), venous segmental disease score 
(VSDS), and venous clinical severity score (VCSS). The VCSS has 
been recently revised and includes multiple parameters: pain, VVs, 
inflammation, edema, skin  induration, pigmentation, ulcers (size, 
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FIGURE 54-2 Calf “muscle pump” and varicose veins (VVs). A, Normal calf muscle pump physiology during relaxation and contraction. B, Deep vein obstruction 
heralds perforator vein incompetence and associated secondary VV. C, Conversely, deep venous system and perforator system are independent of primary V V.  
CVI, chronic venous insufficiency. (Adapted from Sumner DS: venous dynamics–varicosities. Clin Obstet Gynecol 24:743–760, 1981.)
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number, duration), and compression therapy.15 The Venous Clinical 
Severity Score is useful for following changes with treatment.14,15

Physical Examination
Initial inspection of the leg may reveal edema, prominent VVs, 
cyanosis, plethora, hyperpigmentation, lipodermatosclerosis, or 
ulcerations. On inspection, VVs may be observed as tortuous, 
dilated, bulging, superficial veins measuring 4 mm or larger; the 
patient is ideally examined in the standing position to allow 
venous reflux.1 Lipodermatosclerosis is a consequence of local-
ized chronic inflammation and fibrosis of the skin and subcu-
taneous tissue of the lower part of the leg.16 The skin changes 
will often occur at the “gaiter area” above the medial malleo-
lus. Atrophie blanche is a localized circular, whitish, avascular, 
atrophic skin area surrounded by capillaries and sometimes 
hyperpigmentation, consistent with severe chronic venous insuf-
ficiency. Similarly, a phlebectatic crown (fan-shaped small intra-
dermal veins on medial or lateral aspects of the foot) may herald 
severe venous insufficiency.

Trendelenburg and Perthes tests may be used during the exam 
to differentiate superficial from deep venous insufficiency (also 
see Chapter 55). In the Trendelenburg test, the leg is elevated and 
a tourniquet applied above the knee. This obstructs the superfi-
cial veins, which will promptly fill after standing if the patient has 
deep vein incompetence (secondary VVs). If after standing, the 
vein requires more than 20 seconds to refill, but prompt filling 
follows tourniquet removal, the exam is consistent with primary 
VVs. In the Perthes test, the leg is elevated and the tourniquet 
placed at the midthigh or proximal calf. When the patient stands 
and walks, the VVs will refill owing to incompetent perforators16 
(Figs. 54-4 and 55-5). These maneuvers may be complemented 
with Brodie Trendelenburg percussion: a finger is placed over 
the distal area of a VV while the proximal segment of the vein 
is percussed. A transmitted impulse at the lower end suggests 
incompetence.

Imaging and Physiological Testing
Duplex ultrasonography is useful in the evaluation of VVs (also 
see Chapter 12). The test is performed with the patient standing or 
in reverse Trendelenburg position, and is used to detect acute or 
chronic thrombosis, postthrombotic changes, obstructive flow, and 
incompetence in the deep veins. Reflux, demonstrated by reversal 
of flow, is pathological whenever longer than 0.5 seconds.17 Duplex 
ultrasonography is not reliable for assessment of the iliac and caval 

veins, but it is sensitive for evaluation of saphenous vein reflux and 
useful for identification of incompetent perforator veins.

Impedance plethysmography, strain gauge plethysmography, and 
air plethysmography may be used to detect venous obstruction 
and reflux in large veins above the knee. Photoplethysmography, 
most commonly used with and without a tourniquet, can be 
employed to evaluate superficial venous insufficiency. A venous 
refilling time less than 20 seconds without a tourniquet that nor-
malizes to over 20 seconds with a tourniquet is compatible with 
GSV incompetence.17

Venography may provide information regarding pelvic vein 
obstruction in patients with postthrombotic disease.16 Ascending 
venography is performed with the patient at 45 degrees, non–weight- 
bearing, with legs down as contrast is infused. Contrast filling the 
superficial vein denotes incompetence. Ascending venography is 
useful to determine vein obstruction, collateralization, and recana-
lization. Descending venography is more useful to diagnose venous 
insufficiency. In this scenario, the contrast is injected into the com-
mon femoral vein above the saphenofemoral junction. The patient 
is initially in supine position, and after the contrast dye injection, 
the table is tilted feet downward. Contrast leakage to the knee or 
distally is abnormal.17 Venography is usually indicated in the set-
ting of endovenous intervention, but is difficult in the setting of a 
swollen leg. There is limited experience with magnetic resonance 
venography (MRV) or computed tomography (CT) to evaluate 
venous insufficiency and VVs.

Management
Treatment Suitability
Varicose veins treatment may be divided into conservative and 
invasive modalities. Conservative treatment for VVs and subse-
quent CVI include lifestyle modifications, compression therapy, 
and pharmacotherapy. All patients are appropriate for conserva-
tive measures. The use of more invasive techniques depends on the 
size of the vein and the presence of complications. Most commonly, 
ablation of an incompetent or varicose Great saphenous veins is 
performed first to decompress more distal varicosities; however, 
most patients require additional treatments for adequate therapeu-
tic and cosmetic results. Thermal ablation of the GSV using endo-
venous laser therapy (EVLT) or radiofrequency ablation (RFA) is 
the most frequently employed technique. GSVs with diameters of 
3 to 12 mm are candidates for RFA; EVLT is an option for those 
larger than 3 mm. A less invasive technique, foam sclerotherapy of 
the GSV, may also be performed in veins smaller than 1 cm, but has 

Deep femoral venous plexus

Superficial vein
Deep vein

Fascia muscularis

Perforating vein

Venae profundae

Epidermis

Dermis

Tela subcutanea

Muscle FIGURE 54-3 Venous drainage 
of the lower limb. (Adapted from 
Kachlik D, Pechacek V, Baca V, Musil V: 
The superficial venous system of the 
lower extremity: new nomenclature. 
Phlebology 25:113–123, 2010.)
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been used to treat larger veins as well.18 When the GSV is larger 
than 12 mm in diameter, surgery is an option.19 Tortuosity of the 
vessel is also relevant. For RFA and EVLT, the straight segment 
of the GSV should extend 15 to 20 cm immediately distal to the 
 saphenofemoral junction.18

In a study of 577 patients with GSV reflux, 55% were suitable 
for RFA or EVLT, and 57% were suitable for foam sclerotherapy. 
Stressing the need for careful patient selection, only 41% of the 
limbs were suitable for all the procedures.18 In one study evalu-
ating patients with recurrent VVs, less than 40% had limbs suit-
able for RFA or EVLT, while foam sclerotherapy was an option 
in 58% of the cases.18 Owing to the risk of skin burns, superfi-
cial tributary veins are not suitable for catheter-based thermal 

ablation. Optimal  therapeutic results may be achieved with an 
approach of combined modalities.18

Conservative Management
DIET AND LIFESTYLE CHANGES

Prolonged standing or sitting may exacerbate signs and symp-
toms of VVs. The patient should elevate the legs above the level 
of the heart as much as possible, lose excess weight, and exer-
cise to minimize swelling and improve calf muscle function.20 
Furthermore, moderate-intensity lower-limb exercise training 
improves microvascular endothelial vasodilator function in  
postsurgical VV patients.21

A

B

C

FIGURE 54-4 Physical examination 
of varicose veins (VVs). A, Medial 
great saphenous vein (GSV) VVs are 
observed on a right leg. B, Limb is 
elevated and tourniquet positioned 
above knee; with tourniquet applied 
and patient standing, VVs are not 
evident. This is suggestive of primary 
venous incompetence.
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COMPRESSION

External compression is the cornerstone of therapy for VVs. 
Compression therapy, including graduated elastic compression 
stockings and short-stretch bandages, is effective in reducing lower-
extremity pain and swelling and preventing progression of VVs 
and CVI to venous ulceration.20 Among patients with venous ulcer-
ations, improved healing is achieved with multicomponent com-
pression systems. Compression garments should be individualized 
for maximal patient compliance.20,22

PHARMACOTHERAPY

Low-dose diuretics are often prescribed for patients with significant 
edema due to VVs, but they are minimally effective in reducing the 
symptoms of pain and discomfort.20 Patients with stasis dermatitis 
may be treated with a short course of topical corticosteroids to 
reduce inflammation. Antibiotics with gram-positive coverage are 
prescribed to treat cellulitis or infected ulcerations. Antibiotic cov-
erage should be expanded to include gram-negative and anaer-
obic organisms in diabetic patients.20 Because of the increasing 
problem of bacterial resistance to antibiotics, current prescribing 
guidelines recommend that antibacterial preparations should only 
be used in cases of clinical infection and not for bacterial coloni-
zation. At present, there is no evidence to support routine use of 
systemic antibiotics to promote healing in venous leg ulcers.23

HERBAL SUPPLEMENTS

Short-term studies have shown the efficacy of horse chestnut 
seed (Aesculus hippocastanum) extract in reducing edema, ankle 
and calf circumference, and symptoms of VVs with insufficiency. 

The horse chestnut is native to southeast Europe, with aescin the 
active ingredient.20,24 This extract has anti-inflammatory and vaso-
constrictive properties that may exert a positive influence on 
venous tone and increase the flow velocity of venous blood.24 
It can be administered orally as a 20- or 50-mg dose. In a meta- 
analysis by Suter et al., a treated population of 219 adults with CVI 
stage I/II showed improvement; eight patients reported gastrointes-
tinal upset.24

Micronized purified flavonoid fraction (MPFF) consists of 90% 
diosmin and 10% flavonoids. MPFF protects the microcirculation 
from raised ambulatory venous pressure. It decreases the interac-
tion between leucocytes and ECs by inhibiting expression of endo-
thelial ICAM-1 and vascular cell adhesion molecule (VCAM).25 A 
meta-analysis of randomized prospective studies using MPFF that 
included 723 patients with venous ulcers suggested improved heal-
ing at 6 months among those who used MPFF compared with con-
ventional therapy alone.25

French maritime pine bark extract and rutosides have dem-
onstrated inconsistent results.20 Although herbal products may 
be beneficial short term, their efficacy and safety have not been 
proven long term, and these preparations with varying amounts of 
active and inactive ingredients are not regulated by the U.S. Food 
and Drug Administration (FDA).

Invasive Therapy
For large VVs, invasive therapy is divided into endovenous proce-
dures, including chemical and thermal ablation, and surgical pro-
cedures (Table 54-1).

CHEMICAL SCLEROTHERAPY

Liquid sclerosants have been a treatment for VVs for almost a cen-
tury. The introduction of endovenous foam sclerotherapy (EFS) in 
1944, with standardization of the method by Cabrera in the early 
1990s, improved the nonsurgical obliteration of VVs. Endovenous 
foam sclerotherapy is especially effective when administered using 
ultrasound guidance.20

Procedure

A chemical sclerosant (e.g., polidocanol, sodium morrhuate, 
sodium tetradecyl sulfate) is combined with carbon dioxide/
oxygen (CO2/O2) or room air to produce foam (concentration 
1%-3%; volume 6-10 mL) using the two-syringe, or Tessari, method26 
(Fig. 54-6). Because it is more soluble in blood and water than the 
nitrogen in room air, CO2/O2 may reduce the risk of microbubble 
embolization. The Tessari method generates foam by pumping  
the contents of two disposable syringes, one containing the liquid  
sclerosant and the other containing air, backward and forward 
through a two-way stopcock.26 Ultrasound is performed to local-
ize the most superficially accessible segment of the varicosity or 
GSV proper into which a catheter can be easily inserted. The foam 
is prepared immediately before the procedure and injected into 
the GSV or its tributaries under ultrasound guidance.26 The leg is 
elevated 45 degrees during injection, and the foam is massaged 
distally to fill the tributaries. Subsequently, a compression garment 
is applied to the treated leg.26,27

The foam displaces the blood in the vein, resulting in local inflam-
mation, sclerosis, and obliteration of the VV over 1 to 2 weeks.26,28  
The effectiveness of foam sclerotherapy lies in the utilization of 
detergent sclerosants that work by denaturation of proteins. By form-
ing a lipid bilayer, the endothelial surface is disrupted in the absence 
of essential proteins, which produces a delayed cell death.27

A systematic review of EFS by van den Bos et al.29 that selected 
64 studies and assessed 12,320 limbs followed for an average of 
32 months determined an overall obliteration rate of 82.1% at 
3 months (95% confidence interval [CI], 72.5-88.9), 80.9% at 1 year 
(95% CI, 71.8-87.6), and 73.5% at 5 years (95% CI, 62.8-82.1) (see 
Table 54-1). Contrary to catheter thermal-based techniques, increas-
ing age does not impact sclerotherapy suitability.18 Endovenous 
foam sclerotherapy is also effective in treating venous stasis ulcers 

A

B C
FIGURE 54-5 Physical examination of varicose veins (VVs). A, Leg is 
elevated so VVs are drained. B, Return of VVs only after tourniquet is removed. C, 
Findings suggestive of incompetent perforator veins, consistent with secondary 
varicosities.
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and congenital vascular malformations.1 In a study by Barrett et al. 
that analyzed a total of 100 randomly chosen legs with VVs treated 
with ultrasound-guided EFS, patient satisfaction was rated highly, 
with a 90% improvement in QOL 2 years after treatment with EFS1 
(see Table 54-1). In the van den Bos review, after adjusting for fol-
low-up, foam therapy and RFA were as effective as surgical strip-
ping.29 In the absence of large comparative randomized clinical 
trials between multiple techniques, the minimally invasive tech-
niques appear to be at least as effective as surgery in the treatment 
of lower-extremity VVs. Endovenous foam sclerotherapy is often 
used in conjunction with thermal ablation for sclerosis of tribu-
tary VVs.

In a study of 1931 treatment sessions that included 852 patients 
treated with ultrasound-guided EFS, the risk of deep venous occlu-
sion was lower when treating veins less than 5 mm in diameter, and 
when restricting the volume of foam injected to less than 10 mL.30 
The most common complications include mild to moderate pain 
and hyperpigmentation (up to 30%).1,13 Hyperpigmentation typi-
cally resolves within 6 to 12 months.1 Less common adverse events 
include superficial thrombophlebitis, DVT and pulmonary embo-
lism (PE), trapped coagulum, hematoma, skin necrosis, transient 
neurological events (migraines, visual disturbance), and pulmo-
nary symptoms (cough). Trapped coagulum resulting in superficial 
thrombophlebitis occurs in less than 5% of treated veins. Deep vein 
thrombosis results from propagation of foam into the deep venous 
system and typically involves the popliteal and calf veins. The inci-
dence of DVT/PE is less than 1%.1,12 Transient neurolo gical events 
may occur with the use of large amounts of foam in patients with 
a patent foramen ovale. To date, there have been three reported 
cases of major posttreatment neurological events (transient isch-
emic attack [TIA] and cerebrovascular accident) suspected to be 
associated with EFS. In all three cases, symptoms were associated 
with the presence of patent foramen ovale and resolved within 
2 weeks.1,12,31

ClariVein, recently approved by the FDA, is a novel sclerotherapy 
approach for large VVs that uses a mechanical rotating dispersion 
wire to mix and disperse a sclerosant on the vessel wall. Potential 
advantages are that it does not require tumescence anesthesia, 

can be used near nerve bundles, is fully disposable, and does not 
require a generator.32 However, to date, no large-scale comparative 
studies have been published.

ENDOVENOUS LASER THERAPY

Endovenous laser therapy was introduced in 1999 for obliteration 
of the GSV and its tributaries. The direct action of the laser on the 
vein wall and heating of the venous blood result in damage to the 
vein wall and, over weeks to months, obliteration of the varicosity.20 
The pattern of injury is eccentrically distributed, with maximum 
injury occurring along the path of laser contact. Temperatures dur-
ing EVLT may reach 1000 °C at the fiber tip and 300 °C in the firing 
zone. There is also steam generated during the photothermolytic 
process, but this accounts only for 2% of applied energy dose.33 
The occlusion and complication rate after EVLT are proportional 
to the total energy (joules) per centimeter of vein (J/cm). The laser 
energy can be applied in continuous or pulsed mode, the continu-
ous mode being more effective.

Procedure

Endovenous laser therapy is performed using tumescent anesthe-
sia. A 5-mL syringe with a 25-gauge needle may be used to subcu-
taneously infiltrate 2 mL of tumescent anesthetic solution (420 mL 
of normal saline, 60 mL of 1% lidocaine with epinephrine, and 
20 mL of sodium bicarbonate) over the access site. This solution 
is delivered manually or with an infusion pump under ultrasound 
guidance, aiming to surround the vein segment to be treated.20,34 
A laser-tipped catheter is inserted into the GSV at the level of the 
knee and advanced just distal to the saphenofemoral junction with 
ultrasound guidance. The laser is continuously pulled distally in 
the GSV as continuous energy is applied to the vein.

The systematic review by van den Bos et al. (see Table 54-1) 
reported an overall obliteration rate of 92.9% at 3 months (95% CI, 
90.2-94.8), 93.3% at 1 year (95% CI, 91.1-95.0), and 95.4% at 5 years 
(95% CI, 79.7-99.1).29 Several studies have reported that EVLT is 
more effective than venous stripping and other endovenous proce-
dures in terms of obliteration and recurrence rates.1 Endovenous 

Percent Obliteration (95% Cl)

TREATMENT 1 YEAR 3 YEARS 5 YEARS COMPLICATIONS

Saphenofemoral ligation and stripping 79.7% (71.8-85.8) 77.8% (70.0-84.0) 75.7% (67.9-82.1) Hematomas (<30%)
Paresthesias (4%-25%)
Wound infection (2%-15%)
DVT (<2%)

EVLT 93.3% (91.1-95.0) 94.5% (87.2-97.7) 95.4% (79.7-99.1) Pain (50%)
Ecchymosis (40%)
Hematoma (24%)
Phlebitis (12%)
Paresthesias (10%)
DVT (7%)
Hyperpigmentation (<4%)

RFA 87.7% (83.1-91.2) 84.2% (75.5-90.4) 79.9% (59.9-91.5) Bruising (50%)
Paresthesias (3%-20%)
DVT (16%)
Hematoma (<7%)
Burns (2%-7%)
Infection (<2%)

EFS 80.9% (71.8-87.6) 77.4% (68.7-84.3) 73.5% (62.8-82.1) Pain (common)
Hyperpigmentation (common)
Phlebitis (5%)
DVT (<1%)
TIA (<1%)
Skin necrosis (rare)

TABLE 54-1 Comparison of Varicose Vein Treatment Outcomes

CI, confidence interval; DVT, deep vein thrombosis; EFS, endovenous foam sclerotherapy; EVLT, endovenous laser therapy; RFA, radiofrequency ablation; TIA, transient ischemic attack.
Adapted from Nael R, Rathbun S: Treatment of varicose veins. Curr Treat Options Cardiovasc Med 11:91–103, 2009; and van den Bos R, Arends L, Kockaert M, et al: Endovenous therapies of lower 
extremity varicosities: a meta-analysis. J Vasc Surg 49:230–239, 2009.
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laser therapy recurrence of reflux in the treated vein occurs sec-
ondary to new incompetent perforators in the thigh and calf, and 
new saphenofemoral junction incompetence accounted for the 
progression of new vein disease.35 In a study of 3000 treated limbs 
by Ravi et al., overall patient satisfaction, as assessed by symptom 
relief and absence of VVs after ablation, was 86%.36 There are no 
absolute contraindications for EVLT.37 Relative contraindications 
include uncorrectable coagulopathy, liver dysfunction limiting 
local anesthetic use, immobility, pregnancy, and breastfeeding.37

Higher energy results in increased occlusion rates but is asso-
ciated with higher complication rates, including paresthesia 
and thermal injuries. Other complications include pain, edema, 
erythema, ecchymosis, hematoma, vesiculation, hypo- or hyper-
pigmentation, superficial thrombophlebitis, and DVT.1,38 In a 
meta-analysis of 29 studies, Luebke and Brunkwall described 
more than a 50% incidence of ecchymosis in 12 of the studies 
where this complication was reported.13 In the same meta-analy-
sis, the incidence of paresthesias was 1.7%. Moderate pain along 
the treated vein and superficial thrombophlebitis occurs in up 
to 50% and 12% of the limbs, respectively.39 In the same meta-
analysis, seven studies with a total of 9317 patients reported only 

27 cases of incident DVT (0.3%). In other studies, the incidence 
of DVT has been reported to be as much as 7%.1,13 Pulmonary 
embolism has not been a reported complication with EVLT.13 
Because EVLT is usually performed in the outpatient setting, it 
may be more cost-effective than surgical treatment for VVs.1

RADIOFREQUENCY ABLATION

Radiofrequency ablation, introduced in the United States in 1999, 
results in obliteration of the GSV and its tributaries by delivering 
controlled heat using radiofrequency energy passed through an 
endovenous electrode.1

The theoretical advantage of segmental RFA is greater consis-
tency in the vein treatment and increased speed of ablation; each 
7-cm segment can be treated in 20 seconds.40

Procedure

Radiofrequency ablation is performed under general or local anes-
thesia. Tumescent anesthesia is required, and a dilute mixture of 
lidocaine in normal saline may be used (50 mL of 1% lidocaine 
with 1:200,000 epinephrine in 500 mL 0.9% saline for unilateral 

A

B
FIGURE 54-6 Tray prepared for 
scler o therapy, and leg marked for 
access.
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 procedures, or in 1000 mL 0.9% saline for bilateral procedures). The 
volumes of tumescence are commonly between 75 and 100 mL 
per 10 cm of vein.40 Ultrasound is used for catheter placement and 
guidance during the procedure (Fig. 54-7). The GSV is cannulated 
at the knee, and the catheter is advanced to the saphenofemoral 
junction.

Radiofrequency ablation's mechanism of action is based on 
resistive (or ohmic) heating caused by current. The heat gener-
ated in the vein wall (not in the catheter tip) is then dissipated 
and causes controlled collagen contraction or total thermoco-
agulation of the vein. The outcome is controlled tissue destruc-
tion that ultimately seals the lumen with minimal thrombus 
or coagulum.41 The thermal effect is proportional to the tem-
perature and treatment time. For instance, with a temperature 
of 85 °C to 90 °C and a pullback speed of 3 to 4 cm/min, the 
thermal effect is sufficient to cause collagen contraction and 
occlude the lumen.41

A compression garment is applied for several days after the 
procedure. Recovery time is 3 to 5 days. Complications include 
paresthesia, hematoma, skin burns, infection, bruising, and throm-
bophlebitis/thromboembolism. Transient paresthesia is reported 
in up to in 15%, hematoma in 5%, skin burns in 2.1%, superficial 
thrombophlebitis in 2.1%, DVT in 16%, and nonfatal PE in 1% of 286 

treated limbs.1 Venous size of less than 2 mm or more than 15 mm, 
previous superficial thrombophlebitis with residual obstruction, 
and GSV tortuosity are relative contrai ndications for RFA.37

In a systematic review of more than 12,000 limbs of patients 
who received stripping, foam sclerotherapy, or thermal ablation, the 
overall occlusion rate for RFA was 88.8% at 3 months (95% CI, 83.6-
92.5), 87.7% at 1 year (95% CI, 83.1-91.2), and 79.9% at 5 years (95% 
CI, 59.5-91.5).29 Symptomatic improvement was reported in 85% to 
94% of limbs with anatomical success and 70% to 80% of limbs 
with anatomical failures.1 In a meta-analysis by Luebke et al., the 
QOL at 72 hours and 1 week was significantly better with RFA than 
with surgery.19

Ultrasound examination is recommended within 72 hours 
to 1 week after the procedure to evaluate for DVT. Although 
no studies exist validating efficacy and safety of VTE preven-
tion, patients with high thromboembolic risk can be consid-
ered for medical thromboprophylaxis after the procedure.1 
Radiofrequency ablation requires less hospitalization and 
recovery time than surgical procedures. In a study of 458 
patients treated with RFA followed at 3 months and 1 year, the 
main predictors of long-term occlusion were pullback speed 
(odds ratio [OR] 3.7; 95% CI, 1.1-12.4) and CEAP classification  
(OR 3.1; 95% CI, 1.7-5.6).42

A B

C

Vein contracted with instillation of
tumescence

FIGURE 54-7 Insertion of radiofrequency catheter, with ultrasound visualization of inserted catheter and tumescence.
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SURGICAL PROCEDURES

Surgical interventions were traditionally the alternative treatment 
for VVs when conservative management had been unsuccessful. 
These are now rarely performed. Surgical treatments of VVs include 
saphenous vein stripping, ligation of the saphenofemoral junction, 
and ambulatory phlebectomy.1 The hemodynamic effectiveness of 
surgical procedures is supported by air plethysmography studies. 
In a study of 2120 limbs by Park et al., hemodynamic parameters 
including venous volume, venous filling index, residual volume 
function, and ejection fraction were significantly improved after 
surgery.43

Saphenous Vein Stripping

First reported in 1844, this procedure is performed in patients with 
incompetent GSVs or SSVs, reflux through the saphenofemoral or 
saphenopopliteal junctions, or superficial thrombophlebitis identi-
fied by duplex ultrasounds.1 Additional chemical sclerotherapy is 
often needed for residual tributary VVs.44

Saphenous vein stripping is performed under general anesthesia 
and involves making an incision in the groin, along with ligation of 
the GSV and its major branches. A stiff but flexible wire is inserted 
into the free end of the GSV and advanced along its length and out 
through a second incision at the upper calf. The vein is then tied 
to the wire in the groin and retrieved through the second incision 
at the upper calf, stripping the entire GSV. The incisions are then 
closed and compression bandages applied.1

Of note, venous stripping from ankle to groin is not always 
necessary. Ligation of the vein at the saphenofemoral junction in 
conjunction with removal of the thigh portion of the vein can 
also reduce venous reflux. Venous stripping may be performed in 
conjunction with ligation of the saphenofemoral junction, phle-
bectomy, or chemical sclerotherapy. Saphenous vein stripping has 
a higher initial cost due to hospitalization and results in more 
time lost from work compared with endovenous procedures.1 
Recovery time varies from 2 to 3 weeks. The procedure is contra-
indicated in patients with a history of DVT, Klippel-Trénaunay's 
syndrome, or the presence of severe peripheral artery disease 
(PAD) or neuropathy, which may impede wound healing and 
increase the risk of infection.

In a large systematic review, there was persistent GSV and SSV 
obliteration of 80.4% (95% CI, 72.3-86.5) at 3 months, 79.7% (95% 
CI, 71.8-85.8) at 1 year, and 75.7% (95% CI, 67.9-82.1) at 5 years after 
saphenous vein stripping.1,29 In a study of 245 extremities in 210 
patients operated on for either GSV or SSV incompetence, there 
was a recurrence rate of 30%, as determined by ultrasound exami-
nation 14 years after the procedure, with only 6.9% having clinically 
significant recurrence of their VVs.11 A multicenter study evaluated 
predictors of persistence or redevelopment of reflux in 1638 limbs. 
After adjustment for follow-up, independent predictors were found 
to be: groin mapping by ultrasound (OR, 0.28; 95% CI, 0.20-0.40), 
less than 3-cm groin incisions at or below groin crease (OR, 0.50; 
95% CI, 0.32-0.78), prior parity (OR, 2.69; 95% CI, 1.45-4.97), body 
mass index (BMI) over 29 (OR, 1.65; 95% CI, 1.12-2.43), less than 
3-cm suprainguinal incisions (OR, 3.71; 95% CI, 1.70-5.88), stripping 
to the ankle (OR, 2.43; 95% CI, 1.71-3.46), and interim pregnancy 
(OR, 4.74; 95% CI, 2.47-9.12).45 Perforating vein incompetence and 
postthrombotic deep vein incompetence are also relevant consid-
erations for postoperative VV recurrence.46 The exact causes of VV 
recurrence are speculative, but may include neovascularization, 
presence of superficial and deep venous insufficiency, presence of 
incompetent perforator veins, or surgical failure.4,8

Although saphenous vein stripping improves the QOL for 
patients with symptomatic VVs, in a multicenter retrospective 
analysis of 376 limbs of 296 patients treated for primary VVs due 
to GSV insufficiency, the patient satisfaction rate decreased from 
86% at 1 year to 74% at 5 years.4 Complications of venous strip-
ping include pain, bleeding (24%), infection (2%-15%), nerve 
injury (25%), superficial thrombophlebitis, and venous thrombo-
embolism (<2%).47

Ligation of the Saphenofemoral Junction

Ligation of the saphenofemoral junction can be performed in 
patients with saphenofemoral reflux. However, owing to the high 
VV recurrence rate, it is typically performed in conjunction with 
venous stripping, phlebectomy, or EFS.1

Ligation is performed under local anesthesia through an inci-
sion made parallel to the inguinal ligament at the site of the saphe-
nofemoral junction. Saphenous vein tributaries are identified and 
ligated until reaching the saphenofemoral junction. The GSV is 
then ligated at its junction with the common femoral vein. The 
incision is then closed, and compression garments are applied.1 
Ligation has been used with endovenous ablation techniques to 
improve efficacy and safety. In one study of 210 legs in 182 patients 
with primary saphenofemoral junction incompetence, the recur-
rence rate for saphenofemoral junction ligation was 5.4% at 1 year 
and 35.5% at 4 years. The relative risk of recurrence after ligation of 
the saphenofemoral junction alone is 2.4 times greater than that of 
venous stripping.48 However, the percentage of patients with symp-
tomatic recurrence of their varicosities is low.1 In a study with 
long-term follow-up of 10 years of 245 extremities in 210 patients 
operated on for either GSV or SSV incompetence, only 7% of the 
limbs had recurrence (>3 mm diameter), with neovascularization 
as the main cause.49 Complications of saphenofemoral ligation 
include pain, bleeding and hematoma (<30%), infection (2%-15%), 
nerve injury (4%-25%), thrombophlebitis, and DVT/PE (<2%).47 
Contraindications are similar to saphenous vein stripping.1

Stab or Transilluminated Phlebectomy

Transilluminated phlebectomy (TIPP) was proposed in 2000 as 
a more reliable and less invasive outpatient alternative to saphe-
nous vein stripping.1 The use of TIPP is associated with fewer inci-
sions compared with conventional stab phlebectomy, but with a 
potentially higher cost, longer operating time, and greater compli-
cation rate.

For incision phlebectomy, small incisions are made along the 
GSV and its tributaries, which are retrieved with the use of a phle-
bectomy hook and subsequently avulsed.1 Transilluminated phle-
bectomy is performed with a fiberoptic light channel inserted 
into the GSV. A mixture of saline and local anesthetic is infused 
into the subcutaneous tissue to produce tumescence and trans-
illuminate the vein. With an endoscopic dissector, provided with 
a rotating blade and suction channel, the GSV and its tributar-
ies are resected and aspirated.50 Contraindications are similar to 
those for saphenous vein stripping.

A randomized prospective trial on 188 limbs comparing stab 
phlebectomy with TIPP reported a significant difference in the 
number of incisions for phlebectomy between the two groups  
(29 ± 1.28 vs. 5 ± 0.17; P <0.001). However, there was a higher recur-
rence rate at 52 weeks with TIPP (21.2% vs. 6.2%), with no significant 
difference in complication rates.51 Complications include pain, 
hyperpigmentation (<2%), cellulitis (<3%), hematoma (5%-12%), 
and nerve injury (up to 25%).1 The rate of calf hematoma is higher 
for TIPP than for stab phlebectomy (25% vs. 2.5%).1 Phlebectomy 
is useful for larger truncal veins, in which higher venous flow limits 
the use of endovenous procedures, and in younger patients with 
thicker vein walls.1 This procedure is often performed in conjunc-
tion with traditional surgical ligation of the saphenofemoral junc-
tion.1 Both stab phlebectomy and TIPP prolong the return to work 
and resumption of activities of daily living. However, most patients 
recover fully by 6 weeks post surgery.52

Microphlebectomy

Dr. Robert Muller, a Swiss dermatologist from Neuchâtel, 
Switzerland, rediscovered this technique in 1956.53 Ambulatory 
phlebectomy is a minimally invasive technique that can be per-
formed in an office-based practice. This technique may be suitable 
for GSV, SSV, and pudendal veins in the groin, but more commonly 
is used to treat reticular varices in the popliteal fold or lateral part 
of the thigh.53
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The VVs are carefully identified with a marking pen while the 

patient is standing. After tumescent anesthesia, with the patient 
in Trendelenburg position, cutaneous incisions are made with a 
#11 scalpel blade or 18-gauge needle, vertically oriented along 
the thigh and lower leg following the skin lines at the knee or 
the ankle.53 The distance between the incisions is determined 
by experience, anatomy, and history of phlebitis. The vein is 
then dissected with the phlebectomy hook and mosquito for-
ceps. Incompetent perforators can be dissected and eliminated 
with gentle traction or torsion, but this is more difficult. Venous 
ligation is not necessary, since hemostasis may be achieved 
with local compression during and after surgery. No skin clo-
sure is needed with small incisions of 1 to 3 mm. Postoperative 
bandaging is essential.54 Dressings are removed after 24 or 48 
hours. Ongoing compression therapy with elastic bandages 
or compression stockings is recommended for up to 3 weeks. 
Complementary chemical sclerotherapy may be used several 
weeks after the initial procedure.

Complications are minor and benign and usually resolve spon-
taneously. Periprocedurally, patients should avoid early sun expo-
sure because hyperpigmentation may result at the puncture or 
incision sites.53 Complications include edema, bleeding, hema-
toma formation, scarring, trauma-induced telangiectatic matting, 
neotelangiectasia, occasional nerve injury with sensory distur-
bances, and blisters due to wound dressings.54 Very rarely, skin 
necrosis due to the high pH caused by adding excess bicarbonate 
to the anesthetic solution may occur. Deep venous thrombosis has 
not been reported.54 Contraindications to ambulatory phlebec-
tomy include reflux at the saphenofemoral or saphenopopliteal 
junctions. These junctions may be treated by thermal ablation.53 
Small studies and case series have reported a high rate of success 
with this procedure.

CHIVA CURE

This is a relatively new outpatient method described by Franceschi 
in 1988. “Cure Conservatrice et Hémodynamique de l'Insuffisance 
Veineuse en Ambulatoire” (CHIVA), or “Ambulatory Conservative 
Hemodynamic Management of Varicose Veins,” aims for preserva-
tion of the superficial venous system and its cutaneous and sub-
cutaneous drainage. The CHIVA method consists of breaking up 
the hydrostatic pressure column by disconnecting venous shunts. 
This is achieved by using venous ligatures guided by hemo-
dynamic and duplex ultrasonography data derived from the deep 
and superficial venous system.55 A variation of the CHIVA tech-
nique may be done using sclerotherapy.56 Recurrence at 5 years 
of follow-up were 44.3% cured, 24.6% improved, and 31.1% failure 
in a study by Pares et al.55 There were no occurrences of DVT, pul-
monary thromboembolism, saphenous vein neuralgia, or deaths. 
Potential complications include bruises (47.5%), wound infec-
tion (2.5%), and phlebitis (1.3%).55 Although the technique was 
invented in 1988, it is not yet widely available in United States. 
The practice guidelines of the American Venous Forum and the 
Society for Vascular Surgery do not currently endorse widespread 
use of the CHIVA technique.37

Management of Incompetent  
Perforator Veins
Poor deep venous function caused by venous reflux, obstruction, 
or calf muscle pump failure will ultimately lead to an increase in  
ambulatory venous pressure and recurrence of VV through incom-
petent perforators, resulting in chronic venous insufficiency.  
Incompetent perforator veins in patients with venous ulcerations 
were previously treated with ligation using the open Linton pro-
cedure, and now occasionally with subfascial endoscopic per-
forator surgery (SEPS).1 More commonly, endovenous thermal 
ablation or sclerotherapy is the treatment of choice for patients 
with venous ulcers who have failed conservative compression 

therapy and require ablation of incompetent perforator veins. The 
current Society for Vascular Surgery and American Venous Forum 
guidelines do suggest treatment of so-called pathological perfo-
rating veins, defined as those with outward flow of 500-ms dura-
tion, diameter of 3.5 mm, and located beneath a healed or open 
venous ulcer.37

Surgical Treatments of Incompetent  
Perforator Veins
Patients who undergo ligation of perforator veins typically have 
severe resistant CVI complicated by venous ulcerations. The 
Linton procedure was introduced in the 1950s for treating perfo-
rator veins and has largely been replaced by SEPS. About 45% of 
incompetent perforator veins are located in an area 10 to 15 cm 
above the medial malleolus, the typical Cockett 2/3 area, but the 
anatomy of the subfascial compartments makes only 32% of 
Cockett 2, 4% of Cockett 3, and 40% of Cockett 4 perforators avail-
able in the superficial posterior compartment for interruption via 
a SEPS procedure.57

LINTON OR SUBFASCIAL ENDOSCOPIC PERFORATOR 
SURGERY PROCEDURE

The Linton procedure involves making a long incision across the 
calf including the diseased tissue, forming a skin/soft tissue/fascial 
flap, and ligating the perforator veins under direct visualization.1 
SEPS can be performed in the ambulatory care setting, with less 
time away from work required. The SEPS procedure involves mak-
ing two incisions below the knee and inserting ports into the sub-
fascial space.1 The subfascial plane is kept open with infusion of 
CO2 for visualization of the structures. The perforator veins are iden-
tified and ligated.

As noted, the Linton procedure has largely been replaced by 
SEPS because of higher complication rates, including wound infec-
tions (40%-50%), nerve injury (11%), and DVT (4%). Complications 
associated with SEPS are less frequent and include wound infection 
(5%-7%), nerve injury (6%), superficial thrombophlebitis (3%), and 
cellulitis (2.5%).18,20,51 Presence of peripheral artery disease, which 
carries the risk of poor wound healing, is a relative contraindication 
to these procedures. Similarly, performance of these procedures in 
patients with deep vein occlusion is associated with poor outcomes.58

Lower-extremity activity is limited for 5 to 7 days.1 SEPS may be 
performed in conjunction with other surgical and endovenous 
procedures that ablate an incompetent GSV.

SCLEROTHERAPY

Ultrasound-guided sclerotherapy uses a relatively small catheter to 
gain access to the incompetent perforator or its tributary. Masuda 
et al. treated 80 limbs in 68 patients by sclerotherapy using liquid 
sodium morrhuate. The initial incompetent perforator closure rate 
was 90%, but fell to 70% at a mean follow-up of 20 months.57 After 
treatment, the VCSS was improved from a median of 8 to 2. Skin 
necrosis is a reported adverse effect.

ENDOVENOUS  ABLATION

Percutaneous endovenous RFA of incompetent perforator veins 
can be carried out with a small incision or puncture site in the calf. 
However, because this entry site is usually made in compromised 
skin directly over the perforator, there may be risk of infection or 
exacerbation of the wound. In a meta-analysis of 1573 incompe-
tent perforator veins treated by RFA, the occlusion rate varied from 
64% to 99% during a short follow-up.57 In a study of 37 patients who 
underwent Doppler ultrasound surveillance 5 years after incompe-
tent perforator ablation, of 125 incompetent perforators analyzed, 
101 were closed (81%).59 Although this is a promising procedure, 
data regarding ulcer healing rates and long-term efficacy are 
limited.57
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Management of Telangiectasia/Reticular 
Veins
Surface Transcutaneous Laser Therapy
Surface transcutaneous laser therapy has been used for treating 
telangiectasias and reticular veins since the 1970s. Laser obliterates 
the vein by heating the hemoglobin (Hb) within the vessel and 
injuring the endothelium. New advances in laser technology have 
allowed delivery of sufficient energy to achieve pan-endothelial 
necrosis without affecting structures in the epidermal layer. High-
intensity pulsed light therapy was developed in 1990 for treating 
small VVs. It differs from laser by emitting a spectrum of light, rather 
than a wavelength, to obliterate the vein.

PROCEDURE

Patients undergo skin cooling with water-cooled chambers applied 
to the skin, cooling coupling gel, air-blowing cooling devices, or 
refrigerated cooling sprays before and after the procedure to 
provide comfort during the procedure and minimize postpro-
cedure adverse effects. The amount of pre-cooling depends on 
the patient's skin type and size of varicosities; those with higher 
amounts of melanin in their skin require longer pre-cooling. The 
amount of postcooling depends on the size of the vessels to be 
treated, with smaller vessels requiring longer postcooling.

The laser is applied to the surface of the skin and targets a 
wavelength of light to the Hb within the vessel, resulting in 
heating and obliteration of the vessel. Small (<1 mm) super-
ficial vessels with higher oxygenated Hb content are treated 
with shorter wavelengths (580-1064 nm), shorter pulse dura-
tions (15-30 ms), higher fluences (350-600 J/cm2), and smaller 
spot sizes (<2 mm).40 Larger, deeper vessels with lower oxy-
genated Hb content are treated with longer wavelengths 
(800-1064 nm), longer pulse durations (30-50 ms), moderate  
fluences (100-350 J/cm2), and larger spot sizes (2-8 mm).1 Pulsed 
light therapy delivers a high-intensity spectrum of light to the  
vessel, resulting in its obliteration. Pulsed light therapy generally is 
used for longer vessels. Typically, one to three laser treatments are 
scheduled at 6- to 12-week intervals.1

Reports of effectiveness are based on case series reporting small 
numbers of patients. In a study of 40 female patients 24 to 58 years 
old, the leg veins were treated with synchronized micropulses from 
a long-pulsed 1064-nm Nd:YAG laser, 6-mm diameter spot size, and 
130 and 140 J/cm.2 After one to three laser treatment sessions, there 
was a 50% to 75% disappearance of veins in approximately 60% of 
the limbs at 4 weeks, and in more than 80% of the limbs at 12 weeks. 
The patient subjective satisfaction index, measuring cosmetics, 
increased from 42.5% at 6 months to 75% at 12 months. Objective 
improvement in cosmetic appearance, measured with computer-
assessed medical photography, increased from 57% at 6 months to 
82.5% at 12 months.60

Postprocedure pain is a common side effect of laser and light 
therapy. Other complications include edema, erythema, bruising, 
vesiculation, hypo/hyperpigmentation, transient hemosiderin stain-
ing, telangiectatic matting, and scarring. This procedure is contrain-
dicated during pregnancy and in those with tanned or dark skin, 
history of photosensitivity disorder, or keloidal scarring. Patients are 
advised to avoid tanning before the procedure to avoid absorp-
tion of shorter wavelengths from the laser by sun-induced mela-
nin, resulting in blistering and hyperpigmentation.3 Sunscreen is 
advised after treatment with laser.

Laser and light therapies are more expensive than liquid sclero-
therapy, owing to the cost of equipment.

Chemical Sclerotherapy
Sclerotherapy for treating telangiectasias and reticular veins 
is generally performed using liquid sclerosant (glycerin, hyper-
tonic saline, polidocanol, and sodium tetradecyl sulfate) rather 

than foam, although foam can also be used in lower volumes.  
To decrease telangiectatic matting and postsclerosis hyperpig-
mentation, a reduced amount of foam per injection (0.5 mL) 
and per treatment session is recommended for telangiectasias 
and reticular veins. Telangiectatic matting describes a network of 
tiny vessels less than 0.2 mm in diameter that may appear after 
sclerotherapy treatment.61 In a large retrospective analysis of 2120 
patients, the overall incidence of telangiectatic matting was 16%.61

Follow-Up and Prognosis
A relevant disclosure before treating the patient with VVs is that 
current methodologies continue to require long-term follow-up 
and retreatment. The possibility of recurrence at 5 years is 5% to 
30%, depending on the treatment administered and ongoing risk 
factors. Obesity, multiple pregnancies, incompetent perforators, 
and saphenofemoral junction incompetence are some of the 
often-mentioned risk factors for recurrence. Regular compres-
sion stocking use will minimize the signs and symptoms asso-
ciated with recurrent VVs and progression of chronic venous 
insufficiency. However, patients will commonly return for repeated 
 treatments over their lifetime.45,46
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An estimated 25 to 40 million Americans have varicose veins, and 
more than 2 million have chronic venous insufficiency, including 
venous edema,  skin changes, or venous ulcers.1 The cost of venous 
ulcer care is greater than $3 billion in the United States; in the 
United Kingdom, estimates are greater than $1 billion  annually.2,3 
Patients with advanced venous disease have decreased quality of 
life and occasionally,  severe disease that is limb threatening.4,5

Definition
Chronic venous disease (CVD) includes a series of clinical condi-
tions of varying severity, from varicose veins at one end of the spec-
trum to venous ulcers at the other. Chronic venous insufficiency 
(CVI) is the diagnosis given to patients with venous dysfunction caus-
ing edema, skin changes, or ulcerations (CEAP class 3-6; Box 55-1). 
The CEAP classification is used to define, categorize, and grade the 
severity of all chronic venous disorders.6 This classification provides 
insight into the clinical presentation (C), etiology (E), anatomy (A), 
and pathophysiology (P) of the underlying venous disorder.

Clinical Presentation
Varicose veins (CEAP class C2) are dilated superficial veins (>3 mm 
in diameter in the upright position)7 (see Chapter 54). Chronic 
venous insufficiency includes patients with more advanced 
 disease, with or without varicose veins. These patients have edema, 
skin changes like dermatosclerosis, pigmentation, corona phlebec-
tatica or eczema, or healed or active venous ulcer8,9 (see Box 55-1).

Increased ambulatory venous hypertension leads to a series 
of changes in subcutaneous tissue and skin, mostly in the “gaiter” 
area of the leg, at or above the ankle (Fig. 55-1). These are caused 
by activation of the endothelial cells (ECs), extravasation of mac-
romolecules and red blood cells, diapedesis of leukocytes, tissue 
edema, and chronic inflammatory changes.7 These changes are all 
consequences of either venous valvular incompetence or venous 
obstruction, or a combination of both.

Etiology
Most cases of venous insufficiency have underlying primary etiology. 
The most frequent cause is likely intrinsic morphological or bio-
chemical abnormality in the vein wall. The origin of venous reflux in 
patients with primary varicose veins can be local or multifocal struc-
tural weakness of the vein wall, and this can occur together or inde-
pendently of proximal saphenous vein valvular incompetence.10 
Chronic venous insufficiency can also develop as a result of second-
ary causes such as previous deep venous thrombosis (DVT), deep 
venous obstruction, superficial thrombophlebitis, or arteriovenous 
fistula (AVF). May-Thurner's syndrome (occlusion or stenosis of the 
left iliac vein due to compression by the overriding right common 
iliac artery [CIA]) is a cause of CVI that is likely much more frequent 
than previously thought (Fig. 55-2). Varicose veins may also be con-
genital and present as venous malformation and eventually lead to 
CVI. Primary venous insufficiency accounts for approximately 70% 
of advanced CVI (class 4-6), with the remainder occurring in legs 
following DVT.11,12

Anatomy
Significant changes have been made to venous terminology over 
the last decade, and these have been uniformly adopted and pro-
moted by international vascular societies.13,14 Superficial veins of 
the lower limbs are those located between the deep fascia, cov-
ering the muscles of the limb, and the skin. The main superficial 

veins are the great saphenous vein (GSV) and the small saphenous 
vein (SSV; Fig. 55-3). All previous names used to describe these ves-
sels (greater, long, and lesser) should be abandoned. The GSV origi-
nates from the medial superficial veins of the dorsum of the foot 
and ascends in front of the medial malleolus along the medial bor-
der of the tibia, behind the saphenous nerve. There are posterior 
and anterior accessory saphenous veins in the calf and the thigh. 
The saphenofemoral junction (SFJ) is the confluence of superfi-
cial inguinal veins comprising the GSV and superficial circumflex 
iliac, superficial epigastric, and external pudendal veins. The GSV 
in the thigh lies in the saphenous subcompartment of the superfi-
cial compartment between the saphenous fascia and deep fascia. 
The SSV is the primary superficial vein of the posterior aspect of 
the lower leg and originates posterior to the lateral malleolus and 
courses posterolaterally in the lower leg to drain into the popliteal 
vein,  behind the knee.  The intersaphenous vein (vein of Giacomini) 
connects the SSV in the posterior thigh with the GSV.15

Deep veins follow the arterial circulation in the limb and pelvis 
and are usually paired in the lower leg, accompanying tibial arter-
ies by the same name. The popliteal or the femoral vein can also 
be paired. The femoral vein runs parallel to the superficial femoral 
artery (SFA) and replaces the term superficial femoral vein to avoid 
confusion regarding its importance as a deep vein.14 The pelvic 
veins include the external, internal, and common iliac veins (CIVs), 
which drain into the inferior vena cava (IVC). Large gonadal veins 
drain into the IVC on the right and left renal vein on the left.

Perforator veins traverse the deep muscular fascia and commu-
nicate between the superficial and deep venous system at mul-
tiple levels in the lower extremity (see Fig. 55-3). These primarily 
 function to drain the superficial system into the deep venous sys-
tem. The most important leg perforating veins are the medial calf 
 perforators.16  The posterior tibial perforating veins (“Cockett perfo-
rators” in the old nomenclature) connect the posterior accessory 
GSV with the posterior tibial veins and form the lower, middle, and 
upper groups. They are located just behind the medial malleolus 
(lower), at 7 to 9 cm (middle) and 10 to 12 cm (upper) from the 
lower edge of the malleolus. The distance between these perfora-
tors and the medial edge of the tibia is 2 to 4 cm.16 Paratibial perfo-
rators connect the main GSV trunk with the posterior tibial veins. 
In the distal thigh, perforators of the femoral canal connect, usually 
directly,  the GSV to the femoral vein.

Bicuspid venous valves are present in all superficial and deep lower-
extremity veins and are important in assisting normal unidirectional 
venous flow. The GSV usually has at least six valves (maximum 14-25),17 
with a constant valve present within 2 to 3 cm of the SFJ in 85% of 
cases (preterminal valve).18 The SSV has a median of 7 to 10 valves 
(range, 4-13).17  There are valves in the deep veins of the lower limb, but 
the common femoral or external iliac vein has only one valve in about 
63% of cases.17 In 37%,  there is no valve in the common iliac vein. The 
internal iliac vein has a valve in 10%;  its tributaries have valves in 9%.19

Although isolated severe incompetence of the superficial system 
may lead to development of ulcers with high ambulatory pressures, 
most venous ulcers have underlying multisystem (superficial, deep, 
perforator) incompetence involving at least two of the three venous 
systems.20,21 Of 239 patients with venous ulcers evaluated with 
duplex scanning in three different studies, 144 (60.3%) had incom-
petent perforating veins, and 141 (59%) had deep vein incompe-
tence or obstruction.22–24

Pathophysiology
Most patients with CVI have primary or secondary venous valvu-
lar incompetence. Venous outflow obstruction can be the result of 
primary venous disease (e.g., May-Thurner's syndrome),25 or it can 
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be the result of a previous DVT. Occasionally, congenital anoma-
lies like deep vein agenesis or hypoplasia result in venous outflow 
obstruction.

Venous obstruction results in venous congestion, distal venous 
hypertension, and venous claudication. Obstruction alone may 
also result in skin changes and venous ulcerations. Depending on 
the extent of the collateral circulation, these patients will have pain, 
swelling, and heaviness of the limb; rarely, the most severe forms of 
venous obstruction may even interfere with viability of the limb.

Patients with valvular incompetence may have similar symp-
toms as those with obstruction: varicosity, edema, skin changes, or 

venous ulcers. Venous claudication or feeling fullness and edema 
are usually not as severe as with venous obstruction, and relief with 
limb elevation is immediate.

Recent evidence suggests that venous obstruction could be more 
important than valvular incompetence. Among 504 patients who 
underwent iliac vein stenting for venous obstruction, symptoms 
resolved after stenting, despite associated valvular incompetence.26

Diagnostic Evaluation
A thorough history and physical examination should be comple-
mented by duplex scan of the superficial and deep veins to eval-
uate obstruction and valvular incompetence, as recommended 
by the recent guidelines of the Society for Vascular Surgery and 
the American Venous Forum (recommendation grade 1A).27 
Subsequent diagnostic testing is carried out based on clinical pre-
sentation and examination findings.

History
Symptoms related to CVI can include tingling, aching, burning, 
pain, muscle cramps, swelling, sensation of throbbing or heavi-
ness, itching skin, restless legs, leg tiredness, fatigue, or ulceration 
in extreme cases.28 These symptoms suggest CVI, particularly if 
patients notice exacerbation by heat or dependency during the 
course of the day and relief by resting or leg elevation or use 
of compression therapy.29 Pain during and after exercise that is 
relieved with rest and leg elevation (venous claudication) can 
also be caused by venous outflow obstruction from previous DVT 
(postthrombotic syndrome) or obstruction of CIVs (May-Thurner's 
syndrome).28 Diffuse pain is more frequently associated with axial 
venous reflux, whereas poor venous circulation in bulging vari-
cose veins usually causes local pain. The Guideline Committee 
recommends using the revised Venous Clinical Severity Score 
(VCSS; Table 55-1)30 to grade and document the presenting symp-
toms of patients with CVD.27

A detailed medical history may establish the diagnosis of pri-
mary, secondary, or congenital venous problems. Adequate his-
tory should address previous DVT or thrombophlebitis, personal 
or family history of thrombophilia, medication history (particu-
larly oral contraceptive pills), smoking, obstetric history, and a  
family history of venous disorders (most patients with varicose 
veins would be able to relate their parents’ or grandparents’ 

FIGURE 55-1 A 53-year-old man with chronic venous insufficiency (CVI) CEAP class C4, showing extensive skin changes of venous hypertension, 
with hyperpigmentation, eczema, and lipodermatosclerosis.

 1. Clinical classification:
C0 no visible or palpable signs of venous disease
C1 Telangiectases or reticular veins
C2 Varicose veins
C3 Edema
C4a Pigmentation and/or eczema
C4b Lipodermatosclerosis and/or atrophie blanche
C5 Healed venous ulcer
C6 Active venous ulcer
s   symptoms including ache, pain, tightness, skin irritation, 

heaviness, muscle cramps, as well as other complaints attributable 
to venous dysfunction

A  Asymptomatic
2. Etiological classification:

Ec Congenital
Ep Primary
Es secondary (postthrombotic)
En no venous etiology identified

3. Anatomical classification:
As superficial veins
Ap Perforator veins
Ad Deep veins
An no venous location identified

4. Pathophysiological classification:
Pr Reflux
Po obstruction
Pr,o Reflux and obstruction
Pn no venous pathophysiology identifiable

Box 55-1 The CEAP Classification (Basic)

Adapted from Eklof B, Rutherford RB, Bergan JJ, et al: Revision of the CEAP classification for 
chronic venous disorders: consensus statement. J Vasc surg 40:1248–1252, 2004; used with 
permission.
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 disease). Premenopausal women with varicose veins should 
also be questioned for symptoms of pelvic congestion syndrome 
(pelvic pain, aching, or heaviness; dyspareunia). Advanced age 
is the most important risk factor for varicose veins and CVI.  
A positive family history and obesity are risk factors for CVI.31

Physical Examination
Examination should always be performed with the patient in the 
standing position in a warm room with good light, and should 
establish the size, location, and distribution of varicose veins and 
also focus on other signs of venous disease such as edema (par-
tially pitting or nonpitting), skin changes (induration, pigmenta-
tion, lipodermatosclerosis, atrophie blanche, eczema, dermatitis, 
skin discoloration, increased skin temperature), and ulceration 
(healed or active). Inspection and palpation are essential parts 
of the examination, and auscultation (for bruits) is particularly 
helpful in those with vascular malformation and arteriovenous fis-
tula.32 Varicose dilations or venous aneurysms, palpable cord in 
the vein, tenderness, thrill, bruit, or pulsatility should be recorded. 
Ankle mobility should also be examined because patients with 
advanced venous disease frequently have decreased mobility in 
the ankle joints. Sensory and motor functions of the limb and foot 
are assessed to help differentiate from diabetic neuropathy or any 
underlying neurological problem. An abdominal mass or lymph-
adenopathy can provide a clue to venous compression and out-
flow obstruction.

Corona phlebectatica (ankle flare or malleolar flare) is a fan-
shaped pattern of small intradermal veins located around the ankle 
or the dorsum of the foot.27 This is considered to be an early sign 
of advanced venous disease. Inspection of the abdominal wall 
and perineal and inguinal region should be routinely performed. 
Perineal, vulvar, or groin varicosities can be seen in iliac vein obstruc-
tion or internal iliac vein or gonadal vein incompetence causing 

FIGURE 55-2 Iliac venogram demonstrating chronic left iliac vein 
occlusion, likely as a result of compression from the iliac artery (May-
Thurner's syndrome) in a 44-year-old woman with left leg swelling and 
suprapubic varicosities.

Saphenous n.

Saphenous n.

Small
saphenous v.

Medial
gastrocnemius

perforators
Lateral
gastrocnemius
perforators

Perforators of the
femoral canal

Great saphenous v.

Posterior accessory
great saphenous v.

Pudendal a. & v.

Intersaphenous v.

Cranial extension of
the small saphenous v.

Popliteal v.

Lat. sural cut. n.

Sural n.

Lateral leg
perforators

Dorsal venous arch

Lateral ankle
perforator

Femoral v.

Superf. epigastric a. & v.

Superf. circumflex
iliac a. & v.

Anterior accessory
great saphenous v.

Anterior accessory
great saphenous v.

Paratibial
perforators

Great saphenous v.

Great
saphenous v.

Superf. peroneal n.

Posterior accessory
great saphenous v.

Upper

Middle

Lower

Medial ankle perforatorsA B

posterior
tibial (Cockett)
perforator

FIGURE 55-3 A, Medial superficial and perforating veins of the lower limb. B, Posterior superficial and perforating veins of the leg. (Used with permission of Mayo 
Foundation for Medical Education and Research.)
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pelvic  congestion syndrome. Scrotal varicosity may be a sign of 
gonadal vein incompetence, left renal vein compression between 
the  superior mesenteric artery (SMA) and aorta (nutcracker syn-
drome), or occasionally even IVC lesions or renal carcinoma.

Classic tourniquet tests for saphenous or perforator incompe-
tence or deep venous occlusion (Trendelenburg test, Ochsner-
Mahorner test, Perthes test) are rarely used today. They are mostly 
of historical interest and should be used in rare instances when 
duplex scanning or Doppler studies are unavailable.32 Distal palpa-
tion and proximal percussion of the saphenous vein, however, are 
useful tests to suggest valvular incompetence.

Skin lesions other than those already described (e.g., capillary 
malformations, tumors, onychomycosis, excoriations) should also 
be noted. An aneurysmal saphenous vein can be misdiagnosed as 
a femoral hernia or vice versa. Presence of a longer limb, lateral 
varicosity noted soon after birth, and associated capillary malfor-
mations are tipoffs for congenital venous malformation (Klippel-
Trénaunay's syndrome).33 Edema of the dorsum of the foot, 
squaring of the toes, thick skin, and nonpitting edema are signs 
of chronic lymphedema. A complete pulse examination should 
be performed to exclude underlying peripheral arterial disease. 
The physical examination can be complemented by a handheld 
Doppler examination, although the latter does not replace evalua-
tion of the venous circulation with color duplex scanning.

The aim of the clinical evaluation is not only to determine 
the presenting signs and symptoms and type of venous disease 

( primary,  secondary, congenital) but also exclude other etiol-
ogies (peripheral artery disease, rheumatoid disease, infection, 
tumor, or allergies). The physician should also establish the degree 
of disability caused by the venous disease and its impact on the 
patient's quality of life.

Duplex Scanning
Duplex scanning is safe, noninvasive, cost-effective, and reliable 
and is recommended as the first diagnostic test for all patients with 
suspected CVD27,34,35 (also see Chapter 12). B-mode imaging per-
mits accurate placement of the pulsed Doppler sample volume, 
and color flow evaluation makes it easier to establish obstruction, 
turbulence, and direction of venous and arterial flow,36 increasing 
diagnostic accuracy in comparison to continuous wave Doppler 
ultrasonography in the assessment of venous insufficiency.37 
Duplex scanning is excellent for evaluation of both infrainguinal 
venous obstruction and valvular incompetence38 (Fig. 55-4).

The appropriate technique of venous duplex scanning has been 
described in detail by several authors.39 An 8.4- to 9-MHz linear 
array pulsed-wave Doppler transducer is used most frequently for 
the deeper veins, with the higher-frequency probe (up to 18 MHz) 
for detailed assessment of the superficial veins. Evaluation of reflux 
should be performed with the patient in the upright position, with 
the leg rotated outward, heel on the ground, and weight taken on 
the opposite limb.35 The supine position gives both false-positive 

PAIN NONE: 0 MILD: 1 MODERATE: 2 SEVERE: 3

Or other discomfort (i.e., aching, heaviness, 
fatigue, soreness, burning); presumes 
venous origin

Occasional pain or other  
discomfort (i.e., not restricting 
regular daily activity)

Daily pain or other  
discomfort (i.e., interfering 
with but not preventing 
regular daily activities)

Daily pain or discomfort  
(i.e., limits most regular 
daily activities)

VARICOSE VEINS NONE: 0 MILD: 1 MODERATE: 2 SEVERE: 3

“Varicose” veins must be ≥3 mm in diameter  
to qualify in the standing position

Few scattered (i.e., isolated 
branch varicosities or clusters); 
also includes corona  
phlebectatica (ankle flare)

Confined to calf or thigh Involves calf and thigh 

VENOUS EDEMA NONE: 0 MILD: 1 MODERATE: 2 SEVERE: 3

Presumes venous origin Limited to foot and ankle area Extends above ankle but 
below knee

Extends to knee and above

SKIN PIGMENTATION NONE: 0 MILD: 1 MODERATE: 2 SEVERE: 3

Presumes venous origin; does not include 
focal pigmentation over varicose veins or 
pigmentation due to other chronic  
diseases (e.g., vasculitis purpura)

None or focal Limited to perimalleolar area Diffuse over lower third  
of calf

Wider distribution above 
lower third of calf

INFLAMMATION NONE: 0 MILD: 1 MODERATE: 2 SEVERE: 3

More than just recent pigmentation  
(i.e., erythema, cellulitis, venous eczema, 
dermatitis)

Limited to perimalleolar area Diffuse over lower third  
of calf

Wider distribution above 
lower third of calf

INDURATION NONE: 0 MILD: 1 MODERATE: 2 SEVERE: 3

Presumes venous origin of secondary skin and 
subcutaneous changes (e.g., chronic edema 
with fibrosis, hypodermitis); includes white 
atrophy and lipodermatosclerosis

Limited to perimalleolar area Diffuse over lower third  
of calf

Wider distribution above 
lower third of calf

NO. OF ACTIVE ULCERS 0 1 2 ≥3

Active ulcer duration (longest active) N/A <3 mo >3 mo but <1 y Not healed for >1 y

Active ulcer size (largest active) N/A Diameter <2 cm Diameter 2-6 cm Diameter >6 cm

USE OF COMPRESSION THERAPY NONE: 0 OCCASIONAL: 1 FREQUENT: 2 ALWAYS: 3

Not used Intermittent use of stockings Wears stockings most days Full compliance with 
stockings

Adapted from Vasquez MA, Rabe E, McLafferty RB, et al: 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, 2010; used with permission.

TABLE 55-1  Revised Venous Clinical Severity Score
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and false-negative results of reflux.40 All deep veins of the leg are 
evaluated, followed by evaluation of the superficial veins, including 
the GSV, SSV, accessory saphenous veins, and perforating veins for 
a complete examination.

The four essential components of a complete duplex scanning 
examination for CVD are visibility, compressibility, venous flow, 
and augmentation. Asymmetry in flow velocity, lack of respiratory 
variations in venous flow, and waveform patterns at rest and during 
flow augmentation in the common femoral veins indicate proxi-
mal obstruction. Reflux can be elicited in two ways: (1) increased 
intraabdominal pressure using a Valsalva maneuver for the com-
mon femoral vein or SFJ or (2) manual/cuff compression and 
release of the limb distal to the point of examination. The first is 
more appropriate for evaluation of reflux in the common femo-
ral vein and at the SFJ, whereas compression and release is the 
preferred technique more distally on the limb.40 The guidelines 
recommend the cutoff value for abnormally reversed venous flow 
(reflux) as 1.0 second in the deep femoropopliteal veins and 500 
milliseconds in the superficial and perforator veins.27

Perforating veins are evaluated in patients with advanced dis-
ease, usually CEAP class C5-C6, or in those with recurrent varicose 
veins after previous interventions. The diameter of a clinically rele-
vant “pathological perforator” (e.g., beneath healed or open venous 
ulcer) can predict valve incompetence. The SVS/AVF Guideline 
Committee definition of “pathological” perforating veins includes 
those with outward flow of more than 500 milliseconds, with a 
diameter of greater than 3.5 mm, located beneath a healed or open 
venous ulcer (CEAP class C5-C6).27

Plethysmography
Air or strain-gauge venous plethysmography can provide nonin-
vasive evaluation of calf muscle pump function, global venous 
reflux, and venous outflow obstruction41–44 (Figs. 55-5 and 55-6). 
Strain-gauge plethysmography is usually performed with a modi-
fied Struckmann protocol, validated by comparison with simulta-
neously recorded ambulatory venous pressure measurements.45 
Strain-gauge or air plethysmography consists of exercise venous 
plethysmography, measurement of passive refill and drainage, and 
outflow plethysmography. Plethysmography quantifies venous 
reflux and obstruction and has been used to monitor venous 
functional changes and assess physiological outcome of surgi-
cal treatments.46,47 Venous plethysmography provides information 
on venous function in patients with CVI and is a complemen-
tary examination to duplex scanning. These studies are especially 
helpful in patients with suspected outflow obstruction but nor-
mal duplex findings, or those suspected of having venous disease 
due to calf muscle pump dysfunction, but no reflux or obstruction 

was noted on duplex scanning. Air plethysmography remains one 
of the few noninvasive techniques that can quantify reflux; other 
parameters have been reported to be variably useful.44,47 According 
to the new guidelines, use of air plethysmography is encouraged as 
best practice in evaluation of patients with CVI (C3-6).27

Intravascular Ultrasound
Recent assessment of patients with iliofemoral venous occlusion 
suggested that intravascular ultrasound (IVUS) should be used for 
evaluation of all patients with suspected or confirmed iliac vein 
obstruction. Intravascular ultrasound can be used in veins with 
obstruction without occlusion to assess venous wall morphol-
ogy and mural thickness and identify trabeculations and recana-
lization, frozen valves, and external compression. Some of these 
lesions, as emphasized by Raju and Neglen, are not seen with con-
ventional planar veno graphy and provide measurements in assess-
ing the degree of stenosis.48 In addition, in patients who have had 
an endovenous intervention, IVUS confirms position of the stent in 
the venous segment and resolution of the stenosis.48

Contrast Venography and Hemodynamic Studies
Ascending or descending (or both) contrast venography for CVI 
is performed selectively in patients with deep venous obstruction, 
postthrombotic syndrome, thrombotic or nonthrombotic  pelvic 
vein obstruction (May-Thurner's syndrome), pelvic congestion 
syndrome, nutcracker syndrome, vascular malformations, venous 
trauma, tumors, and if endovenous or open surgical treatment is 
planned. Descending venography is used to study venous valve 
incompetence. The Valsalva maneuver is used to grade the sever-
ity of reflux (grade 1-4: 1 = to upper thigh, 2 = to distal thigh, 3 =  
popliteal reflux, 4 = reflux to tibials and perforators).49,50 Since open 
valve repair is rarely performed today, this test has been less fre-
quently used in recent years. Ascending venography is performed 
in a standing position to evaluate patency of the superficial and/or 
deep venous system (Fig. 55-7). It can be used together with direct 
venous pressure measurements to evaluate patients with varicose 
veins and associated iliac vein obstruction (May-Thurner's syn-
drome). Contrast venography is routinely used in CVD to perform 
endovenous procedures such as angioplasty or venous stenting or 
open venous reconstructions. A pressure gradient across iliofemo-
ral obstruction at rest in the supine patient (3 mmHg) is indicative 
of functional venous obstruction. Arm/foot venous pressure mea-
surements and ambulatory venous pressure (AVP) measurement 
in a dorsal foot vein are additional tests that can be performed. 
Detailed descriptions and techniques for these tests are provided 
in the consensus statement.2

A B

FIGURE 55-4 A, Duplex of right 
great saphenous vein (GSV) showing 
marked incompetence. B, Color duplex 
of left iliac vein showing absence 
of flow in stented venous segment, 
suggesting occlusion.
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FIGURE 55-5 Multiphasic venous plethysmography showing normal venous physiology in both legs.
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FIGURE 55-6 Multiphasic venous plethysmography showing decreased venous outflow, suggesting outflow obstruction on right side (A) and 
increased refill rate suggesting incompetence (B).
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Computed Tomography and Magnetic  
Resonance Venography
Early venous disease (C1-2) rarely requires advanced imaging stud-
ies other than duplex ultrasonography. Computed tomography (CT) 
and magnetic resonance imaging (MRI) have progressed tremen-
dously in the last decade and provide excellent three- dimensional 
(3D) imaging of the venous system. Both modalities are suitable to 
identify pelvic or iliac venous obstruction in patients with lower-
limb varicosity when proximal obstruction or iliac vein com-
pression (May-Thurner's syndrome) is suspected.48 They are also 
suitable to establish left renal vein compression (nutcracker syn-
drome),51 gonadal vein incompetence, and pelvic venous conges-
tion syndrome. Gadolinium-enhanced MRI is especially useful in 
evaluating patients with vascular malformations, including those 
with congenital varicose veins.52

Laboratory Evaluation
Based on their history, selected patients with recurrent DVT, 
thrombosis at a young age, or thrombosis in an unusual site should 
undergo screening for thrombophilia.27 Laboratory examination 
is also needed in patients with long-standing recalcitrant venous 
ulcers, since a small percentage of these patients could have 
an underlying secondary etiology, including neoplasia, chronic 
inflammation, and other disorders.53 Patients who undergo general 
anesthesia for treatment of CVI should undergo appropriate testing 
to assess suitability for such procedures.

Severity of Venous Disease
The diagnostic evaluation should provide adequate informa-
tion to quantify and classify the severity of venous disease, using 
CEAP clinical class and VCSS.6,30 The revised VCSS documents are 

used to establish disease severity at the first examination and will 
quantify improvement or deterioration during follow-up. In the 
basic CEAP classification, only the highest score is used to denote 
clinical class, and only the main anatomical groups (superficial, 
perforating, deep) are noted.

The revised format of the classification6 includes two elements 
in addition to the CEAP findings, the date and diagnostic level of 
the evaluation:

l Level 1: history,  physical, Doppler examination (handheld).
l Level 2: noninvasive—duplex scan, plethysmography.
l Level 3: invasive—venography, venous pressure, IVUS, CT veno-

graphy,  MR venography.
Recording the date and method used to confirm the clinical 
impression can be added in parentheses after the CEAP recording.

The main purpose of using the CEAP classification in patients 
with varicose veins is to distinguish primary venous disease 
causing simple varicose veins from secondary postthrombotic 
venous insufficiency.7 Evaluation and treatment of the two con-
ditions are distinctly different. Complete CEAP classification 
and quality-of-life (QOL) evaluation is recommended before 
and after treatment to help to assess the patient's perception of 
the burden of the disease for research purposes. A general QOL 
instrument such as the SF-36 and one of the disease- specific 
QOL instruments (e.g., VEINES, CIVIQ 2, Aberdeen, Charing 
cross) should be used.4,54–56

Treatment of Chronic Venous 
Insufficiency
Treatment of CVI requires a multimodality approach and has roles 
for both medical and interventional therapy. A concise flowchart 
for surgical/interventional treatment decision making is presented 
in Figure 55-8.

A B C D E

FIGURE 55-7 A-E, Ascending venogram performed by contrast injection in the pedal veins reveals evidence of chronic thrombotic changes and irregularity in the 
paired tibial veins (C) and normal popliteal and femoral vein segment (D). Large venous collaterals and absence of contrast in right iliac vein stent suggest obstruction (E).
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DRUG TREATMENT

In the United States, no phlebotonic drug is approved by the U.S. 
Food and Drug Administration (FDA) for treatment of CVI.  Elsewhere, 
multiple phlebotonic drugs are available to treat symptoms of CVI; 
they have also been used to decrease ankle swelling and  accelerate 
ulcer healing. Many compounds have been tried with varying suc-
cess, but the most promising drugs include γ-benzopyrones (fla-
vonoids) such as rutoside, diosmin, and hesperidin, micronized 
purified flavonoid fraction (MPFF), saponins like horse chestnut 
seed extract (aescin), pentoxifylline, and other plant extracts like 
French maritime pine bark extract. Synthetic products include 
calcium dobesilate, naftazone, aminophtone, and chromocarb.57

Precise mechanisms of action of most of these drugs is 
unknown, but they are postulated to improve venous tone and 
capillary permeability. Flavonoids appear to affect leukocytes 
and the endothelium by modifying the degree of inflammation 
and reducing edema.9 Two different Cochrane reviews found that 
flavonoids58 and aescin59 appeared to have an effect on edema 
and restless legs syndrome, but these meta-analyses concluded 
there is insufficient evidence to support the global use of phlebo-
tonics to treat CVD.

Recent randomized controlled trials (RCTs) for  pentoxifylline 
have shown some benefit in venous ulcer healing, although all 
three trials failed to show any statistically significant benefit.60–62 
The venous guidelines of the American College of Chest Physicians 
(ACCP) suggest the use of oral pentoxifylline (400 mg three times 
daily) in patients with venous ulcers, in addition to local care, a 
compression garment, or intermittent compression pump (ICP; 
grade 2B).63 A meta-analysis of five RCTs that included 723 patients 
with venous ulcers found that at 6 months, the chance of ulcer heal-
ing was 32% better in patients treated with adjunctive MPFF than in 
those managed by conventional therapy alone (relative risk reduc-
tion, 32%; 95% confidence interval [CI], 3%-70%).64 For patients with 
persistent venous ulcers, flavonoids in the form of MPFF given 
orally or sulodexide administered intramuscularly (IM) and then 
orally, are suggested in the ACCP guidelines (grade 2B).63

COMPRESSION THERAPY

Compression therapy remains the standard of care for patients 
with CVI and venous ulcers (class C3-C6). Compression is  
recommended to decrease ambulatory venous hypertension in 
patients with CVI, in addition to lifestyle modifications that include 

weight loss, exercise, and elevation of the legs whenever possible. 
Ambulatory compression techniques and devices include elastic 
compression stockings, paste gauze boots (Unna boot), multilayer 
elastic wraps, dressings, and elastic and nonelastic bandages and 
nonelastic garments. Pneumatic compression devices (e.g., ICP), 
applied primarily at night, are also used for patients with refrac-
tory edema and venous ulcers.65 The rationale of compression 
treatment is to compensate for the increased ambulatory venous 
hypertension. Pressures to compress the superficial veins in supine 
patients range from 20 to 25 mmHg. In the upright position, pres-
sures around 35 to 40 mmHg have been shown to narrow the 
superficial veins, and pressures higher than 60 mmHg are needed 
to occlude them.66

Compression therapy improves calf muscle pump function 
and decreases reflux in vein segments in patients with CVI.67,68 
Although graded compression is effective as primary treatment 
to aid healing of venous ulceration and as adjuvant therapy to 
interventions to prevent recurrence of venous ulcers, compliance 
is important.69 In one study, ulcer healing was 97% in compliant 
patients and 55% in noncompliant patients (P <0.0001), and 
recurrence was 16% in compliant patients and 100% in noncom-
pliant patients.69

Systematic reviews of compression treatment for venous ulcers 
concluded that compression treatment improves ulcer healing 
compared with no compression, and that high compression is 
more effective than low compression.70,71 A recent meta-analysis 
examined data of 692 ulcer patients in eight RCTs and found that 
ulcer healing was faster by an average of 3 weeks with stockings 
than with bandages (P = 0.0002), and pain was significantly less  
(P <0.0001).72 There is no evidence that hydrocolloid or other 
dressings beneath compression is more effective than compression 
alone.73

The ESCHAR trial randomized 500 patients with leg ulcers to 
either compression treatment alone or compression in combina-
tion with superficial venous surgery.74,75 Compression consisted of 
multilayer compression bandaging followed by class 2 (medium 
compression, 18-24 mmHg) below-knee stockings. Compression 
treatment alone was as effective as compression with surgery for 
ulcer healing (65% vs. 65%; hazard ratio, 0.84 [95% CI, 0.77-1.24]), 
but 12-month ulcer recurrence rates were reduced in the compres-
sion with surgery group vs. those with compression alone (12% vs. 
28%; hazard ratio, −2.76 [95% CI, −1.78 to −4.27]). This difference 
in ulcer recurrence rates persisted between the two groups at 
4 years.76 Unfortunately, this trial did not have a surgery-only arm; 
data suggest that saphenous vein disconnection improves venous 
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FIGURE 55-8 Evaluation and management of chronic 
venous insufficiency (CVI). Good compression therapy, 
although not listed, is a must in any treatment protocol. *, 
Essential to rule out occult underlying obstruction; ** and dotted 
lines, in selected cases only.  IVUS, intravascular ultrasound; SEPS, 
subfascial endoscopic perforator surgery.



660

CH 
55

function and may heal venous ulcers even without compression 
bandaging in patients with normal deep veins.77

Surgical Treatment
TREATMENT OF SUPERFICIAL VEIN INCOMPETENCE

Superficial reflux treatment is the primary treatment modality in 
patients with CVI. Treatment of superficial reflux leads to decrease 
in ulcer recurrence, as proved in the ESCHAR trial.74,75 We refer 
readers to Chapter 54 for details on technique and results of surgi-
cal treatment of superficial venous incompetence.

High Ligation, Division, and Stripping

Surgical stripping of the GSV and/or SSV is performed selec-
tively nowadays with the advent of endovenous ablation tech-
niques. Patients who could benefit from open vein stripping 
include those with a very superficial great or accessory saphe-
nous vein, with large tortuous or aneurysmal saphenous veins, 
and with partially recanalized veins after thrombophlebitis that 
cannot be cannulated using the ablation probe. There are lim-
ited data for preservation of the GSV using CHIVA78 or ASVAL79 
techniques for CVI patients, and these are used selectively in 
few centers.

Phlebectomy

Ambulatory phlebectomy or powered phlebectomy can be used to 
eliminate large venous tributaries.80,81 These are important adjuncts 
to treatment of superficial and/or perforator incompetence and 
can be safely performed even in patients with CVI.

TREATMENT OF PERFORATOR VEIN INCOMPETENCE

An association between incompetent perforating veins and 
venous ulcers was established more than a century ago by Gay,82 
and surgical perforator interruption was recommended by mul-
tiple authors to treat venous ulcers.83–86 The importance of incom-
petent perforators in CVI is supported by the observation that 
most skin changes and ulcers are seen in the gaiter area, where 
large incompetent medial perforating veins are located. A correla-
tion between number and size of duplex-based incompetent per-
forating veins and severity of CVI has been demonstrated.20 Still, 
the contribution of perforator incompetence to CVI changes is 
debated, and further randomized studies to establish a firm con-
nection are warranted.

Perforator interruption is reserved for patients with advanced 
CVI (CEAP classes 5-6) and documented perforator reflux on 
duplex scanning (see established criteria above). Usually super-
ficial reflux is corrected first. In many cases, superficial reflux 
correction would lead to resolution of some of the perforator 
vein incompetence,74,87 although one study showed conflicting 
results.88 Contraindications to perforator interruption include 
moderate to severe arterial occlusive disease, infected ulcer, 
or medically unfit or nonambulatory patient. Relative contra-
indications include diabetes, renal/liver failure, morbid obesity, 
autoimmune disorders, recent DVT, and severe lymphedema. 
Popliteal or proximal deep venous obstruction is also a relative 
contraindication. A brief description of the anatomy of perfora-
tor veins is described in the preceding section and illustrated 
in Figure 55-1, and details can be found in the article by Mozes 
et al.16 All identified incompetent perforators are marked on the 
skin with nonerasable marker during perioperative duplex.

Open Perforator Interruption

Linton's original open subfascial ligation83 was abandoned 
because of a wound complication rate of up to 24%.89,90 Many mod-
ifications were proposed to this technique, and currently the only 
potential role for open perforator ligation is in the lateral fascial 
compartment, owing to limited space in this compartment. Open 
perforator ligation using duplex guidance and small incisions may 
limit the extent of surgery. One RCT observed a significantly higher 

rate of wound complications after open perforator ligation using a 
modified Linton procedure than after endoscopic perforator liga-
tion (53% vs. 0%; P <0.001).91

Subfascial Endoscopic Perforator Surgery

Hauer's technique of subfascial endoscopic perforator surgery 
(SEPS), introduced in 1985,92 uses a single port and is practiced 
mostly in Europe. O'Donnell was the first to use laparoscopic 
instrumentation with a two-port technique93; the Mayo Clinic 
team94 and Conrad95 improved the technique and added carbon 
dioxide insufflation to the procedure. Between 1992 and 2008, SEPS 
became the technique of choice for perforator ablation, primarily 
because of the reduced rate of wound complications.91,96

SEPS is performed under general or epidural anesthesia. Either 
single or double endoscopic port techniques can be used for dis-
section and division of medial calf perforators. Most authors use 
balloon dissection, carbon dioxide insufflation with a pressure of 
30 mmHg, and a pneumatic thigh tourniquet inflated to 300 mmHg 
to avoid any bleeding in the surgical field.97 Division of the fas-
cia of the deep posterior compartment with a paratibial fasciot-
omy is required to identify all important medial perforating veins. 
Occlusion of the perforators can be done with endoscopic clips, 
although most surgeons use an ultrasonic harmonic scalpel for 
division and transection of the perforators. The wounds are closed, 
the tourniquet is deflated, and the extremity is wrapped with an 
elastic bandage. The operation is an outpatient procedure, and 
patients are encouraged to ambulate 3 hours after the operation.

The North American SEPS registry11 reported on results of SEPS 
performed in 17 U.S. centers on 155 limbs, 85% with class C5 and 
C6 disease. Ulcer healing at 1 year was 88%, with the median time 
to ulcer healing of 54 days. Ulcer recurrence was 16% at 1 year 
and 28% at 2 years. In this registry, there were 27 patients with class 
C6 disease who underwent SEPS alone; 78% of the ulcers healed, 
and the ulcer healing rate was significantly lower (79%) at 2 years 
than it was in those who had SEPS and superficial ablation (95%;  
P <0.05). The ulcer recurrence rate (35%) in the SEPS-only group 
at 2 years was, however, not significantly worse than that in patients 
who underwent SEPS and superficial ablation alone (25%).

In a systematic review, Tenbrook et al.98 reported results of the 
SEPS procedure performed with or without superficial ablation on 
1140 limbs in one RCT and 19 case series. Ulcers in 88% of limbs 
healed but recurred in 13% at a mean time of 21 months. Risk fac-
tors for nonhealing and recurrence included postoperative incom-
petent perforating veins, pathophysiological obstruction, previous 
DVT, and ulcer diameter greater than 2 cm. The authors concluded 
that surgical treatment including SEPS, with or without saphenous 
ablation, is recommended for patients with venous ulcers, but 
RCTs are needed to discern the contributions of compression ther-
apy, superficial venous surgery, and SEPS in patients with advanced 
CVI. A recent meta-analysis of SEPS by Luebke and Brunkwall99 
reviewed data of studies published between 1985 and 2008 and 
concluded that SEPS used as part of a treatment regimen for severe 
CVI benefits most patients in the short term, regarding ulcer heal-
ing and prevention of ulcer recurrence, but further prospective 
RCTs are needed to define the long-term benefits of SEPS.

TREATMENT OF DEEP VEIN INCOMPETENCE

The first open venous valve reconstruction was reported by Kistner 
in 1968.100,101 Since then, many techniques have been developed and 
modified to treat deep venous insufficiency. Deep valve reconstruc-
tion is reserved for advanced CVI patients who have failed other 
treatment strategies, including compression therapy. Preoperative 
assessment includes venography in all patients, primarily to rule 
out underlying proximal venous obstruction causing secondary 
valvular reflux, but also to grade severity of reflux as described ear-
lier. No specific strategies exist to quantify reflux at a single valve 
station. Pathological appearance of valves would vary depend-
ing on the underlying cause for incompetence, with both primary 
and secondary (postthrombotic) deep vein reflux  contributing 
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to about half the cases.102 In primary valve reflux patients, valves 
grossly have normal texture with a widened commissure. On the 
other hand, postthrombotic valves have fibrosis of the vein wall 
and valve cusp thickening, trabeculation, and sometimes complete 
destruction of the valve structure. In cases with extensive damage 
to valve structure, valvuloplasty is not an option; reconstruction is 
usually carried out using valve or vein transposition.

Exposure and preparation of valves is similar for both repair and 
transfer techniques.  An arm is prepped out to provide access to the 
axillary/brachial vein in case vein transfer is needed. Usually only 
one valve is repaired, the first femoral vein valve, despite reflux 
at multiple stations in the femoral vein. The deep femoral vein 
(DFV) valve is also repaired in case it is incompetent. Meticulous 
dissection is carried out to identify the valve attachment lines, 
which may require subadventitial dissection in some postthrom-
botic cases. Intact valve lines signify preserved valve apparatus that 
can be repaired in most cases, in contrast to absence or disruption 
of valve attachment lines when repair is not possible.102 A strip test 
is used to confirm valve incompetence.

Valvuloplasty can be performed from within (internal as origi-
nally described by Kistner) or from outside (external). The goal 
for both approaches is to appose the commissure and achieve 
valve tightening. An obvious advantage of internal valvuloplasty 
is repair under direct vision, although opening the vein increases 
the risk of surgical trauma to the vein and valve apparatus. To over-
come this disadvantage of external valvuloplasty, we have used 
an angioscopic external valvuloplasty technique where an angio-
scope is introduced from a tributary proximal to the repaired valve 
and helps with visualization during suture placement.103

Valve transfer can be achieved using two methods: either trans-
fer of a segment of vein with a competent valve and using it as an 
interposition graft (usually an axillary/brachial vein segment from 
the arm); or transposition of the incompetent vein onto a compe-
tent vein segment (usually femoral vein is transposed to the adja-
cent GSV or DFV). Vein transposition requires an adjacent patent 
competent vein, which is not always true in many cases where 
the GSV has already been ablated/stripped and the DFV is also 
incompetent. Also, long-term competence is a concern, owing to 
increased chance of reflux with dilation as a result of increased 
flow.104 Axillary vein transfer is technically demanding, with 40% 
incidence of incompetent axillary valves in situ, and carries addi-
tional morbidity of a second incision.

Other less commonly used techniques include prosthetic sleeve 
reconstruction, de novo valve reconstruction, cryopreserved allograft, 
and artificial venous valves. None of these techniques have been 
widely adopted, and all previous attempts at artificial or cryopre-
served valves were met with miserable failure. A new “neovalve” 
technique described by Maleti and Lugli105 holds tremendous 
promise, but their excellent results, at least in the short term, have 
not been duplicated at other centers.

Perioperative complications are rare, with minimal or no mor-
tality in these cases. The incidence of DVT has been reported 
to be between 0% and 11%, with higher rates in postthrombotic 
patients.49,106 Long-term outcomes of deep vein incompetence 
have reported 60% to 80% ulcer healing,102 with better outcomes 
in primary disease and better outcomes with valvuloplasty com-
pared to valve transfer techniques.49

Prevention of postthrombotic superficial/deep vein  incompetence 
could be a key point of intervention, in view of limited success 
with valve reconstruction once the valves are damaged in these 
patients. It has been shown that duration of venous occlusion 
clearly affects the likelihood of secondary reflux.107 Multilevel dis-
ease and recurrent thrombosis are the two most predictive factors 
for future CVI.108 Early spontaneous lysis leads to preserved valve 
function and fewer symptoms.109 Therefore, there may be a role for 
prevention of venous reflux with early thrombus lysis. This is dis-
cussed further in Chapter 52. Also, recent data suggest that venous 
obstruction is more important than valvular incompetence. In a 
study of 504 patients who underwent iliac vein stenting, stenting 
was sufficient to control symptoms in the majority of patients with 

combined outflow obstruction and deep venous reflux, without 
need to correct underlying reflux.26

TREATMENT OF DEEP VEIN OBSTRUCTION

Open surgical reconstructions have been challenging because of 
multiple factors affecting graft patency,110 including inadequate 
graft material, low venous flow, and the thrombophilia that often 
occurs in these patients. Endovascular stenting is first-line therapy, 
with excellent midterm and even long-term results in patients with 
chronic symptomatic venous stenosis and short occlusions,111 but 
stenting is not possible or successful in all patients with long fem-
oro-iliocaval venous occlusions.112

Femorofemoral Crossover Bypass

Femorofemoral crossover bypass can be performed for unilat-
eral iliofemoral obstruction with suprapubic transposition of the 
GSV (Palma-Dale procedure; Fig. 55-9). The contralateral GSV is 
tunneled subcutaneously to the groin incision of the affected 
limb. An end-to-side anastomosis is performed between the 
saphenous vein and ipsilateral common femoral vein. This anas-
tomosis can be spatulated onto the ipsilateral GSV if the femoral 
or deep femoral veins are diseased and the GSV is the predomi-
nant outflow in the affected leg. An externally supported 10- to 
12-mm diameter polytetrafluoroethylene (PTFE) graft is used if 
the GSV is inadequate, less than 5 mm in diameter, or of poor 
quality. An (AVF) is performed between the conduit and SFA in 
selected cases and marked with a Silastic sheath for easy identi-
fication at a later time.

Femoroiliac or Iliocaval Bypass

For femoroiliac or iliocaval bypass, the iliac vein is exposed 
via a flank incision, and the femoral vein is exposed through a 
standard groin incision. In cases with CIV occlusion, the infra-
hepatic cava is used as outflow, exposed through a midline inci-
sion. These “short” bypasses have a hemodynamic advantage due 
to the length and high flow. We prefer an externally supported  
10- to 14-mm PTFE graft for these bypasses.

Femorocaval or Complex Bypass

Long bypasses from the femoral vein to the IVC have poor results 
because of the hemodynamics of flow across the femoral vein. Most 
of these patients also have extensive postphlebitic changes in the fem-
oral and distal veins, making these procedures technically challeng-
ing and prone to failure due to poor inflow. Patients with bilateral 
disease, or those with obstruction of the suprarenal or suprahepatic 
IVC who have failed endovascular intervention, are evaluated for a 
complex reconstruction using either a bifurcated graft or tube graft 
with contralateral jump graft.

Saphenopopliteal Bypass

Saphenopopliteal bypass is popularly known as the May-Husni 
procedure and is indicated for femoral or proximal popliteal vein 
obstruction. The GSV, which most commonly is the major outflow 
from the leg via collaterals in these patients, is exposed above the 
knee joint, and a direct anastomosis is performed between the GSV 
and popliteal vein (end to side). Alternatively, a free vein conduit 
or prosthetic can be used in case the ipsilateral GSV is not suitable.

In a recent report on open surgical reconstruction for chronic 
iliofemoral occlusion, 50 patients underwent 52 open reconstruc-
tive procedures for CVI over a 25-year period.113 Twenty-nine patients 
underwent a femorofemoral crossover bypass, and 17 underwent 
a short bypass (femoroiliac or iliocaval). Early graft occlusion 
occurred in 17%, requiring reoperation, and discharge patency was 
96%. There was no mortality or pulmonary embolism (PE). Five-year 
primary and secondary patency, respectively, for Palma vein grafts 
was 70% and 78%; for femoroiliac and ilio-infrahepatic IVC bypasses, 
63% and 86%; and for femoro-infrahepatic IVC bypasses, 31% and 
57%. May-Thurner's syndrome with associated chronic thrombosis, 
use of prosthetic grafts, and endoscopic vein harvesting were each 
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noted to be adversely related to long-term graft patency. More than 
60% of patients had no venous claudication and no or minimal 
swelling. In multiple large series, the Palma procedure has shown 
good to excellent patency rates of 70% to 85% on mid- to long-term 
follow-up.114

Endovenous Treatment
TREATMENT OF SUPERFICIAL VEIN INCOMPETENCE

Endovenous treatment of superficial vein incompetence using 
radiofrequency (RFA) or laser (endovenous laser treatment 
[EVLT]) ablation or foam sclerotherapy has made significant 
advancement over the last decade and has replaced open surgical 
treatment in most centers. We again refer readers to Chapter 54 for 
details on technique and results of endovenous treatment of super-
ficial venous incompetence.

TREATMENT OF PERFORATOR INCOMPETENCE

The emergence of ultrasonographically guided thermal ablation 
and sclerotherapy in recent years has transformed the techniques 
of perforator ablation.96,115–117

Advantages of percutaneous ablation of perforators (PAPS) 
include the low risk of a minimally invasive procedure that is eas-
ily repeatable and can be performed under local anesthesia in an 
office setting.118 PAPS is performed under ultrasound guidance, with 
direct needle puncture of the perforating vein performed under 
local anesthesia, with the patient in the reverse Trendelenburg 
position to allow for full venous distention. The tip of the needle 
should be at or just below the fascia in the vein to minimize deep 
vessel and nerve injury. After confirmation of probe position, local 
anesthesia is used to infiltrate surrounding tissues before treat-
ment, and the patient is then placed in the Trendelenburg position.

Radiofrequency ablation of the perforating veins can be accom-
plished using a new intravascular ablation device (ClosureRFS 
Stylet, VNUS Medical Technologies, San Jose, Calif.). Intraluminal 
placement of the RF stylet is confirmed by ultrasonography and 

also by measuring impedance: values between 150 and 350 ohms 
indicate the intravascular location of the tip of the probe. Treatment 
is performed with a target temperature of 85 °C. All four quadrants 
of the vein wall are treated for 1 minute each. The catheter is then 
withdrawn 1 to 2 mm, and a second treatment is performed. The 
treatment is finished with applying compression to the region of 
the treated perforating vein.

Perforator EVLT is done with a 16-gauge angiocatheter (for 600-μm 
laser fiber) or a 21-gauge micropuncture needle (for a 400-μm laser 
fiber).119 Intraluminal placement of the access catheter is con-
firmed by ultrasonography and aspiration of blood at or just below 
the fascial level. Various methods of energy application are used, 
and perforating veins are treated at three locations, each segment 
receiving between 60 and 120 joules in 1 or 2 treatments.117,119 The 
rest of the procedure is similar to RFA.

Sclerotherapy of perforating veins is done with a 25-, 27-, or 
30-gauge needle. A wire may be placed into the deep system for 
better control of the access. Ultrasonographically guided sclero-
therapy can be performed using different agents. Care should be 
taken to avoid injection of the agent into the accompanying artery; 
0.5 to 1 mL of the sclerosant is injected with the leg elevated to 
avoid flow into the deep system, and compression is applied over 
the treated perforators.119

Outcomes of PAPS are largely unknown. Most publications 
report small numbers of patients with short follow-up, frequently 
treated for mild disease (class C2-C3). Most data provided are on 
safety and surrogate endpoints, such as perforating vein occlu-
sions, but less so on clinical and functional endpoints. A system-
atic review of five recently published cohort studies and seven 
unpublished case series found a mean occlusion rate of 80%, with 
a mean follow-up of less than 2 months.96 Ultrasonographically 
guided sclerotherapy is gaining rapid acceptance because per-
forating veins can be accessed easily with a small needle, with-
out much pain to the patient. Significant improvement in VCSS 
was noted after  ultrasonographically guided sclerotherapy using 
morrhuate sodium in 80 limbs with predominantly perforator 
incompetence, and ulcers rapidly healed in 86.5%, with a mean 
time to heal of 36 days.116 The ulcer recurrence rate was 32% at 

A B

FIGURE 55-9 Schematic presentation of femorofemoral crossover venous bypass with either the contralateral great saphenous vein (GSV) (A) or 
prosthetic graft (B). An arteriovenous fistula (AVF) is shown in inset, with marking Silastic sheath. (Used with permission of Mayo Foundation for Medical Education and 
Research.)
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a mean of 20 months despite low compliance (15%) with com-
pression hose. New and recurrent perforators were identified in 
33% of limbs, and ulcer recurrence was associated with perfora-
tor recurrence and the presence of postthrombotic syndrome.

TREATMENT OF DEEP VEIN INCOMPETENCE

Endovascular treatment of deep vein incompetence using stents 
mounted with native or artificial valves has been fraught with  
failure. New designs in development are still in infancy,  awaiting 
good clinical data.120

TREATMENT OF DEEP VEIN OBSTRUCTION

Deep vein obstruction, either postthrombotic or nonthrombotic, 
has recently been shown to be significant contributor to CVD. 
Adequate tests to quantify the exact role of deep vein obstruc-
tion are lacking, so experts now recommend routine use of IVUS 
for detailing venous assessment.111 In one study, more than one 
fourth of patients were shown to have more than 50% stenosis based 
on IVUS, whereas venogram failed to reveal any obstruction.121

Endovenous stenting (Fig. 55-10) is performed under local or 
general anesthesia in an endovascular suite. Access is achieved 
under ultrasound guidance, either via the femoral or jugular vein. 
After venography and IVUS (as needed), obstructed segments 
are crossed using a hydrophilic wire. Predilation is performed 
with high-pressure balloons, with which the risk of rupture is low  
to none. Chronic occlusive lesions usually require serial dilation to 
a final diameter of 12 to 18 mm. Self-expanding stents are used in 
the entire diseased segment. The Wallstent (Boston Scientific, USA) 
is used by most interventionalists because of the external com-
pression due to high radial force in the common iliac vein. Large-
diameter nitinol stents are used less frequently. Extension of the 
stent across the inguinal ligament is less of a concern in the venous 
segment.122 In cases of IVC obstruction, a large Gianturco (Cook 
Inc., USA) or Wallstent is used. We prefer to use a large Wallstent, 
and inside this a Gianturco stent, all the way to the caval bifur-
cation. Subsequent iliac stenting is performed with a Wallstent or 

nitinol self-expanding stents.123 Coverage of the renal veins with 
Gianturco stents has not been of concern in our experience and 
that of others.124

In patients with common femoral vein obstruction and proxi-
mal disease, vascular access could be impossible, so hybrid recon-
struction may be necessary. Endovenous recanalization and stent 
placement is combined with femoral vein endophlebectomy and 
patch angioplasty in these cases. Balloon angioplasty and stent-
ing is performed prior to or at completion of the patch angioplasty. 
Jugular vein access is obtained for retrograde recanalization as an 
alternative to or in combination with femoral access. The stent is 
extended proximally to the healthy vein and across the inguinal 
ligament distally.  With recent experience, we extend the distal 
end of the stent into the venous patch.113

Technical success for endovascular iliac vein recanalization 
is reported to be 87% to 100% in multiple series.123 Inferior vena 
cava occlusion does decrease the ability to cross the occluded 
segment, and technical success in these cases is reported to be 
66% in one series.124 Mid- to long-term secondary patency is very 
good in successful cases, ranging from 75% at 48 months to 93% at 
36 months.123 Patients with nonthrombotic obstruction fare much 
better than those with thrombotic occlusion.125 Cumulative rate 
of improvement of pain and swelling at 5 years after treatment of 
venous outflow obstruction was 78% and 55%, respectively, and 
reflux parameters did not deteriorate after stenting in one large 
study.26 In a study from Mayo Clinic, we also observed marked 
improvement in hemodynamics, venous function, and symptoms 
after successful treatment of venous outflow obstruction with stent-
ing126 (Fig. 55-11). We noted improvement in both venous outflow 
and calf muscle pump function, and the residual volume fraction 
had decreased at the expense of venous reflux, which increased 
(increase of median venous filling index by 24%).

Stenting improved the CEAP class status of the patients. 
Incapacitating venous claudication, noted in 62.5% of patients 
before stenting, was eliminated in all after stenting. The Mayo 
Clinic study concluded that successful treatment of venous out-
flow obstruction in patients with CVI ameliorates venous claudica-
tion, normalizes outflow,  and enhances calf muscle pump function, 

A B

FIGURE 55-10 Successful recana-
lization and stenting of left iliac 
vein in a 43-year-old woman, with 
excellent luminal result and predo-
minant flow through iliac vein (B) 
rather than pelvic collaterals (A).
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resulting in significant clinical improvement of CVD. Increase 
in the amount of venous reflux of the stented limbs indicated 
that elastic or inelastic compression support of the successfully 
stented limbs would be pivotal in preventing disease progression. 
The study also supports the notion that venous obstruction is 
likely more important than venous valvular incompetence.126

Assessment of Treatment Outcome
Clinical outcome studies evaluate results of procedures on patient-
focused outcomes, including symptom improvement, recurrence 
of varicosities, healing or recurrence of skin ulcers, improvement 
in the chronic progressive symptoms of CVD, improved QOL, and 
cosmetic improvement.127 These can be assessed using multiple 
questionnaires, including QOL measures for symptom relief and 
CEAP classification, in combination with revised VCSS for dis-
ease  severity outcomes (reader is referred to previous section on 
“Severity of Venous Disease” for details). The Recurrent Varicose 

Veins After Surgery (REVAS) classification,128 a descriptive evalua-
tion of recurrent and residual varicosities based on the physician's 
assessment, can be used for cosmetic outcome, although it has 
some limitations.

Surrogate outcome measures are commonly used in report-
ing outcomes of treatment, although caution should be used. 
Surrogate outcomes may include patency of the ablated saphe-
nous or perforating vein, patency of a venous bypass or stent, or 
hemodynamic results after interventions.

Conclusions
Treatment of CVI has progressed markedly over the last decade. 
This can be attributed to better understanding of the patho-
physiology of venous disease, increased awareness of compli-
cations among both patients and care providers, and the advent 
of endovascular techniques and minimally invasive technology. 
Prevention of skin complications with compression therapy and 
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FIGURE 55-11 A-F, Effects of successful 
treatment of venous outflow obstruction 
using venous stents. Venous hemodynamics, 
including venous outflow (outflow fraction 
at 1 and 4 seconds; A-B), calf muscle pump 
function (ejection fraction; C), amount of 
venous reflux (venous filling index; D), and 
venous hypertension (residual volume fraction; 
E), and the CEAP clinical class (F) in 23 limbs 
with chronic iliofemoral (IF) inferior vena 
cava (IVC) thrombosis (DVT) and nine control 
limbs, before (30 days) and after (median, 8.4; 
interquartile range, 3-11.8 months) success ful 
IF (IVC) venous stenting. Data are median and 
interquartile range. (From Delis KT, Bjarnason 
H, Wennberg PW, et al: Successful iliac vein and 
inferior vena cava stenting ameliorates venous 
claudication and improves venous outflow, 
calf muscle pump function, and clinical status 
in post-thrombotic syndrome. Ann Surg 245: 
130–139, 2007, with permission.)
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early treatment of CVI with endovenous thermal ablations are 
essential. Endovenous ablation therapy has replaced open treat-
ment of superficial reflux and is likely to replace open surgical 
treatment of perforator incompetence as well. Venous stenting is 
now the first line of treatment for deep venous outflow obstruc-
tion; open surgical reconstruction is indicated only in patients 
who fail or are not candidates for stenting. Further research is 
still needed to develop more effective treatment of deep vein val-
vular incompetence.
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PART XVI

Definition and Classification  
of Pulmonary Arterial Hypertension
Pulmonary arterial hypertension (PAH) is formally defined as a 
mean pulmonary artery pressure (PAP) of 25 mmHg or greater 
at rest or 30 mmHg or greater during exercise. This is accompa-
nied by a pulmonary vascular resistance (PVR) of greater than 
3 Wood units (WU), with a normal pulmonary artery wedge 
pressure (<15 mmHg) in the absence of any known cause of 
pulmonary hypertension (PH). Pulmonary arterial hyperten-
sion encompasses one of the five categories of PH, based on 
the most recent classification system.1 The pathophysiology and 
clinical characteristics of categories 2 through 5 of PH (i.e., PH 
associated with left-sided heart disease; lung disease/chronic 
hypoxia; thromboembolic PH; and other groups) are reviewed 
in Chapter 57. In this chapter, we will focus on category 1, PAH, 
which includes idiopathic and familial PAH as well as PAH asso-
ciated with various other diseases (Box 56-1). Until improved 
therapeutic options became available during the past 2 decades, 
PAH was considered a rare but rapidly progressive and devas-
tating condition, leading to death from right heart failure by a 
median of 2.8 years from the time of diagnosis.2 In recent years, 
an improved conceptual framework has been developed to bet-
ter delineate the pathogenesis and clinical presentation of PAH, 
accompanied by improved directed therapeutic approaches. 
Nonetheless, PAH still carries a 15% annual mortality rate, and 
current therapeutics have been mostly effective at slowing illness 
progression rather than reversing or curing the disease. This chap-
ter will highlight current molecular understanding of the com-
plex disease, via the still incompletely characterized interplay 
of genetic and exogenous upstream stimuli with downstream  
vascular effectors. This framework will then be coupled to cur-
rent understanding of the clinical presentation and progression 
of PAH and existing and evolving treatment modalities.

Epidemiology
Early epidemiological data from the 1980s estimated the inci-
dence of PAH at one to two cases per million people in the gen-
eral U.S. population.2 More recent estimates in Europe3 place the 
incidence and prevalence of PAH, respectively, at 2.4 cases per mil-
lion annually and 15 cases per million in France and 7.6 cases per 
million annually and 26 cases per million in Scotland. Globally, 
the prevalence may be much higher given that many risk factors 
for PAH, such as human immunodeficiency virus (HIV) and schis-
tosomiasis, are also more prevalent in the developing world. An 
exact number is difficult to estimate on a global scale, given the 
difficulty of diagnosing PAH and overall limited access to health 
care worldwide.4 The disease affects women more frequently than 
men (1.7:1). This female predominance is exaggerated in the pop-
ulation of African descent (4.3:1), although the overall racial dis-
tribution of patients reflects that in the general population.

Primary PAH presents most commonly in the fourth decade of 
life; ages range from 1 to 81, with 9% of patients older than 60 years 
of age.5 Some sources cite a similar gender ratio among children 
diagnosed with the disease, whereas others note an equal distribu-
tion between male and female children.6 Primary PAH is typically 
difficult to diagnose, and the average time from onset of symp-
toms to diagnosis was 2 years in the National Institutes of Health 
(NIH) Registry.2 More recently, however, thanks to improved clinical 
awareness and more sophisticated invasive and noninvasive tech-
niques for PAP measurements, time to diagnosis has decreased 
considerably, at least in the developed world.

Molecular Pathogenesis of Pulmonary 
Arterial Hypertension
In humans, the natural history of PAH lesions is unknown 
because patients usually present when the disease is advanced. 
The pathological appearance of severe PAH is similar regardless 
of cause and reflects the end stage of a common response to pul-
monary vascular injury. Common histological features in nearly 
all types of PAH occur at the level of the small peripheral pul-
monary arteries (100-1000 μm) (Fig. 56-1); these include intimal 
fibrosis, distal localization and proliferation of vascular smooth 
muscle, and pulmonary arterial occlusion.7 A hallmark of severe 
end-stage disease is the formation of a vessel “neointima,” char-
acterized by increased deposition of extracellular matrix (ECM) 
and myofibroblasts. Plexiform lesions can predominate, charac-
terized by over-proliferation of endothelial-like cells encroach-
ing upon the vessel lumen.

Multiple cell types in the pulmonary arterial wall and pulmo-
nary arterial circulation contribute to the specific response to 
injury and development of vessel remodeling8 (Fig. 56-2). The 
endothelium serves as a central sensor of injurious stimuli such 
as hypoxia, shear stress, inflammation, and toxins. Dysregulation of 
numerous downstream vascular effectors may be the result of ini-
tial endothelial cell (EC) injury or dysfunction. It has been hypoth-
esized that endothelial apoptosis early in PAH initiates selection 
of apoptosis-resistant ECs that can further proliferate via monoclo-
nal amplification in plexiform populations. This has led to specu-
lation of a model of end-stage PAH similar to that of progression to 
cancer, with dysregulation of the cell cycle and apoptosis as pre-
dominant features. Similarly, dysregulated growth of pulmonary 
artery smooth muscle cells (SMCs) also plays a key role in PAH 
progression because apoptosis is suppressed while proliferation 
increases.

In addition to the endothelium and vascular smooth mus-
cle, dysfunction of alternative vascular components may par-
ticipate in these processes. Most notably, adventitial fibroblasts 
display increased proliferative capacity in PAH as well as carry 
an increased sensitivity to serotonin. Metalloproteinase acti-
vation in the ECM can induce cellular migration and leads 
to production of additional mitogenic factors. As a result, an  
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imbalance of a multitude of downstream secreted vasoactive 
factors ensues and directs vascular remodeling via pathological 
cellular processes. These further exacerbate dysregulated cell 
proliferation, vasoconstriction, and thrombosis, which are associ-
ated with more complex patterns of inflammation and angiogen-
esis. Transdifferentiation of ECs to vascular smooth muscle cells 
(VSMCs) may also contribute to the process. Inflammatory cells 
and activated platelets appear to predominate in later stages of 
PAH and in PAH associated with connective tissue disease and 
parasitic infections like schistosomiasis; but our understanding 
is limited regarding the mechanistic role of these cellular popu-
lations in disease progression. Finally, circulating or resident pro-
genitor cells have been proposed to factor significantly in vessel 
wall injury and repair; dysregulation of these functions may also 
contribute to PAH.

Genetic Association
An understanding of the mechanism of genetic predisposition to 
PAH is of paramount importance for identifying the root pathogen-
esis (Fig. 56-3). The familial variety of idiopathic PAH accounts for 
at least 6% of all cases of PAH.7 Pedigree analysis has demonstrated 
an autosomal dominant inheritance but with variable penetrance; 
only 10% to 20% of putative genetic carriers develop clinical PAH. 
Genetic anticipation is present, since each successive generation 
of affected families is afflicted at a younger age and greater severity 
compared with the preceding generation.

BONE MORPHOGENETIC RECEPTOR-II

Mutations in the transforming growth factor (TGF)-β recep-
tor superfamily have been genetically linked to PAH and likely 
play a causative role in disease development. A rare group of 
patients with hereditary hemorrhagic telangiectasia (HHT) and 
idiopathic PAH harbor specific mutations in ALK1 or endo glin, 
genes encoding for two such members of the TGF-β receptor 
superfamily.9,10 However, a more prevalent cohort of PAH patients 
carries mutations in the bone morphogenetic protein receptor 
type II (BMPR2 gene which encodes for BMPR2).11,12 Over 140 
mutations in BMPR2 have been reported in patients with familial 
PAH,13 mainly located in the extracellular ligand-binding domain, 
cytoplasmic serine/threonine kinase domain, or long carboxyter-
minal domain. These account for 70% of all familial pedigrees 
of PAH and 10% to 30% of idiopathic PAH cases.8 BMPR2 loss-
of-function mutations have only been found in the heterozygous 
state. The absence of BMPR2 mutations in some familial cohorts 
and in most sporadic cases indicates that additional unidentified 
genetic mutations can also predispose to development of PAH. 
Furthermore, the presence of incomplete penetrance (approxi-
mately 25% of carriers in affected families develop clinical PAH) 
and genetic anticipation suggests that BMPR2 mutations are nec-
essary but insufficient alone to result in clinically significant 
disease.

The mechanism of action of BMPR2 is complex, and its role 
in PAH progression is still unclear (Fig. 56-4A). It functions as a 
receptor with serine/threonine kinase activity, and it activates 
a broad and complex range of intracellular signaling path-
ways (as reviewed in14). Upon binding one of many possible 
bone morphogenetic protein (BMP) ligands, BMPR2 forms a 
heterodimer with one of three type-I receptors. BMPR2 phos-
phorylates the bound type-I receptor, which in turn phosphory-
lates one of the Smad family of proteins to allow for nuclear 
translocation, binding to deoxyribonucleic acid (DNA), and 
regulation of gene transcription. Alternatively, BMPR2 activa-
tion can also lead to signaling via the LIM kinase pathway, p38/ 
mitogen-activated protein kinase/extracellular signal regulated 
kinase/c-jun NH 2-terminal kinase (MAPK/ERK/JNK) pathways, 
or c-Src pathway, independent of Smad activation.

Cellular effects of BMPR2 activation are multiform. In the adult, 
BMPR2 is expressed predominantly in pulmonary endothelium, 
medial SMCs, and macrophages.15 Under normal conditions, BMP 

B

A

FIGURE 56-1 Histopathology of pulmonary arterial hypertension 
(PAH). A, Hematoxylin and eosin stain of histological section of lungs showing 
characteristic idiopathic PAH vascular lesions: completely occluded vessel with 
severe concentric intimal fibrosis and medial thickening (left) and plexiform 
lesion with multiple lumina (right). B, Elastin von Gieson stain of internal and 
external elastic laminae demonstrates medial hypertrophy and neointimal 
formation in a small muscular pulmonary artery in patient with idiopathic PAH. 
(Courtesy JL Faul, MD, Stanford University.)

Idiopathic
Familial
Associated with:

Collagen vascular disease
Congenital systemic-to-pulmonic shunt
Portal hypertension
Human immunodeficiency virus (HIV) infection
Drugs and toxins
Other: thyroid disorders, glycogen storage disease, Gaucher's disease, 

hereditary hemorrhagic telangiectasia (HHT), hemoglobinopathies, 
myeloproliferative disorders, splenectomy

Associated with significant venous or capillary involvement:
Pulmonary veno-occlusive disease
Pulmonary capillary hemangiomatosis

Persistent pulmonary hypertension of the newborn (PPHN)

Box 56-1 Clinical Classification of Pulmonary 
Arterial Hypertension

Adapted with permission from Simmoneau G, Galiè N, Rubin L, et al: Clinical classification 
of pulmonary hypertension. J Am Coll Cardiol 43:5 S–12 S, 2004.
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ligands bind BMPR2 to suppress growth of VSMCs. In contrast,  
binding of BMP2 and BMP7 to BMPR2 in pulmonary endothelium  
protects against apoptosis. A widely held hypothesis contends that 
failure of the suppressive effects of BMP ligands on vascular smooth 
muscle and failure of the protective effects of BMP ligands on 
endothelium may  trigger vascular proliferation and remodeling.  
Accordingly, in VSMCs derived from patients with familial PAH 
harboring BMPR2 mutations, exposure of BMP ligands does not 
suppress proliferation. Unlike the response in wild-type endothe-
lium, exposure of ECs cultured from patients with idiopathic PAH 
to BMP2 does not protect against apoptosis.16 These  dysfunctional 
signaling pathways have been corroborated in some rodent 
models of PAH. In correlation, pulmonary  levels of BMPR2 are 
reduced both in familial cases of PAH without any BMPR2 muta-
tion and in cases of secondary PAH.15 Thus, dysregulation of the 
BMP signaling pathway may be a common pathogenic finding in 
multiple types of PAH due to genetic or exogenous stimuli, but 
the definitive in vivo effects of these mutations have been diffi-
cult to decipher. Specifically, mouse models harboring specific 
BMPR2 heterozygous mutations have failed to exhibit robust 
PAH under static conditions,17,18 again suggesting that dysfunc-
tional BMPR2 is likely insufficient alone to cause disease. As a 
result, a clear mechanistic explanation of the impact of BMPR2 
mutations on pathogenesis remains elusive.

ADDITIONAL GENETIC PATHWAYS

In addition to BMPR2 haploinsufficiency, alternative mechanisms 
involving complementary “modifier” genes may also contribute to 
a genetic predisposition to PAH. The most promising data identify-
ing such modifier genes have analyzed the association of particu-
lar single nucleotide polymorphisms (SNPs) with the development 
of PAH. Thus far, SNP variants have suggested certain genes such 
as the serotonin transporter (SERT), Kv1.5, and the trp cation chan-
nel, subfamily C, member 6 (TRPC6).3 Such associations do not 
always suggest a causal relationship, so additional mechanistic 
data are necessary for proper interpretation.

In the case of SERT and serotonin signaling, supportive data are 
more prevalent. Serotonin is both a vasoconstrictor and mitogen 
that promotes smooth muscle hyperplasia and hypertrophy (see 
Fig. 56-4B). Primarily stored in platelet granules, secreted serotonin 
binds G protein–coupled serotonin receptors (GPCRs) present on 
pulmonary artery SMCs. Activation of these receptors leads to a 
decrease in adenylyl cyclase and cyclic adenosine monophos-
phate (cAMP), resulting in increased contraction. Furthermore, the 
cell-surface SERT allows for transport of extracellular  serotonin into 
the cytoplasm of SMCs, thereby activating cellular  proliferation 
directly through the action of serotonin or indirectly via potential 
pleiotropic mechanisms.

FIGURE 56-2 Pulmonary arterial pathobiology involves coordinate action of multiple cell types. Histological progression of pulmonary vasculature from 
quiescence to pathogenic activation in pulmonary arterial hypertension (PAH) involves numerous vascular cell types and phenotypic responses. Initial injury to 
endothelium and/or adventitial fibroblasts may initiate pathogenic signaling pathways. These activate an imbalance of secreted vascular mediators that drive vascular 
responses of vasoconstriction, proliferation, thrombosis, and dysregulation of apoptosis, leading to formation of a layer of “neointima.” Bloodborne inflammatory 
cells and platelets also likely play prominent roles in these processes, but their exact mechanistic actions are unclear. Pathological phenotypes that may influence 
disease progression include transdifferentiation of endothelial cells (ECs) to vascular smooth muscle cells (VSMCs) and transdifferentiation of fibroblasts and VSMCs 
to myofibroblasts. Engraftment and differentiation of vascular progenitor cells may contribute as well. (Adapted with permission from Chan S, Loscalzo J: Pathogenic 
mechanisms of pulmonary arterial hypertension. J Mol Cell Cardiol 44:14–30, 2008. Micrographs of pulmonary arteries courtesy www.scleroderma.org and Humbert M, et al: 
Treatment of pulmonary arterial hypertension. N Engl J Med, 2004, 351:1425–1436, 2004. Copyright 2004, Massachusetts Medical Society. All rights reserved.)
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A number of observations in idiopathic and familial disease, 
congenital disease, and environmental exposure have implicated 
the proliferative effects of serotonin in PAH.19 In idiopathic PAH, 
pulmonary expression of serotonin receptors is increased, and 
plasma levels of serotonin are chronically elevated. A mouse 
model of hypoxic PH parallels these changes.20 A positive asso-
ciation has been noted among patients with congenital platelet 
defects in serotonin uptake (i.e., delta storage pool  disease) and 
development of PAH. Chronic exposure to anorexigens, such 
dexfenfluramine (an inhibitor of serotonin reuptake and stimu-
lator of serotonin secretion), leads to increased levels of circulat-
ing free serotonin. In mice, these changes are accompanied by 
increased 5HT receptor type 2B response and inhibition of SERT 
responses. In humans, these changes correlate with an increased 
risk for development of PAH. In addition, the L-allelic variant of 
SERT is associated with increased expression of the transporter 
and enhanced smooth muscle proliferation. In some human stud-
ies,21 this variant has been associated with an increased risk of PAH 
in the homozygous population.

Animal models of PH have also implicated the activated sero-
tonin pathway in disease progression. Treatment with serotonin 
and chronic hypoxia in a rat model led to worsened hemody-
namics and increased vessel remodeling.22 Exposure to increased 
serotonin led to worsened PH in a BMPR2+/− heterozygote murine 
model.23 Similarly, overexpression of SERT in mice resulted in 
spontaneous development of PAH in the absence of hypoxia 
and exaggeration of PH after a hypoxic stimulus.24 Conversely, 
vessel remodeling and hypoxic PH are reduced in a 5HT1B 
receptor–null mouse25 and are abrogated in a 5HT2B receptor–
null mouse.20 As a result, serotonin signaling modulates pulmo-
nary smooth muscle function in both normal and disease states 

and likely contributes to disease progression of PAH. However, 
attempts at using selective serotonin reuptake inhibitors (SSRIs) 
as a therapeutic approach have yielded mixed results3 to date. 
The exact contribution of this mechanism in PAH requires further 
clarification.

Acquired/Exogenous Factors
In addition to genetic predisposition, development of PAH likely 
depends on a variety of physiological, acquired, and/or exoge-
nous stimuli. Some of these factors have been studied to a suffi-
cient degree to hypothesize potential pathogenic mechanisms (see 
Fig. 56-3).

CHRONIC HYPOXIA

Pulmonary vascular response to hypoxia has been well studied in 
cell culture and animal models,26 but its impact on PAH is unclear. 
In general, pulmonary vascular responses in acute and chronic 
hypoxia likely allow for the propagation of PAH, and therefore may 
contribute to later stages of the disease. Acute hypoxia induces 
vasodilation in systemic vessels but induces vasoconstriction in 
pulmonary arteries. This acute and reversible effect is mediated  
in part by up-regulation of endothelin-1 (ET-1) and serotonin, and 
in part by hypoxia- and redox-sensitive potassium channel activ-
ity in pulmonary VSMCs. Coordinately, these events lead to mem-
brane depolarization in SMCs, increase in cytosolic calcium, and 
vasoconstriction.27 In contrast, chronic hypoxia induces vascu-
lar remodeling and less reversible changes, including migration 
and proliferation of VSMCs and deposition of ECM. These cellular 
events in chronic hypoxia correlate with the remodeling events in 

Genetic
Predisposition

•

•

Bone
morphogenetic
protein receptor
type 2 (BMPR2)
Haploinsufficiency
Increased
Serotonin
Signaling

Acquired/Exogenous
Factors

•
•
•

•
•

•
•
•

•
•

•

Chronic hypoxia
Hemoglobinopathies
Autoimmune
disease
Viral infection
Congenital disease
with left-to-right
shunt
Anorexigen use
Thrombocytosis
Central nervous
system stimulants
Portal hypertension
Persistent
pulmonary
hypertension of the
newborn
Female gender

Dysfunction/
Dysregulation of:

•

•
•

•

•

•
•

Mitochondrial
metabolism
Right ventricle
Potassium
channel biology
Tyrosine kinase
signaling
Rho kinase
signaling
Inflammation
Extracellular
matrix biology

•
•
•

Vasoconstriction
Proliferation
Thrombosis

Imbalance
of Vascular
effectors

? PAH

FIGURE 56-3 Pathogenic mechanisms that connect genetic and exogenous triggers of pulmonary arterial hypertension (PAH) to downstream 
dysregulated phenotypes are beginning to be explored at the molecular level. Although numerous clinical risk factors in PAH exist, mechanisms that lead to 
imbalance of vascular mediators and a relatively stereotyped phenotype of vascular dysregulation have only recently begun to be elucidated.  CNS, central nervous 
system; ECM, extracellular matrix; PPHN, persistent pulmonary hypertension of the newborn; RV, right ventricle.
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FIGURE 56-4 Molecular signaling mechanisms of pulmonary arterial hypertension (PAH). A, Bone morphogenetic protein receptor type II (BMPR2) signaling 
in pulmonary vasculature. Heterozygous loss-of-function mutations in BMPR2 are found throughout the gene, leading to a complex cascade of dysregulated signaling 
that predisposes to PAH. When activated by a BMP ligand, BMPR2 heterodimerizes with BMPR1 to activate SMAD transcription factors. SMAD activity can control 
cellular differentiation, vascular tone, and proliferation, among other functions. BMPR1 can also activate signaling through XIAP (X-linked inhibitor of apoptosis), which 
controls activation of nuclear factor (NF)-κB and mitogen-activated protein kinase (MAPK), both of which facilitate proinflammatory signaling. BMPR2 also carries a 
long cytoplasmic tail that binds to numerous signaling molecules including SRC, TCTEX, RACK1 (receptor for activated C-kinase 1), and LIMK1 (LIM domain kinase 1).  
LIMK1 can phosphorylate cofilin (Cfl1), which influences F-actin organization and glucocorticoid receptor (GR) nuclear translocation, important in inflammation.  
B, Serotonin signaling in pulmonary vasculature. Increased serotonin bioavailability is observed during PAH progression. This stems from increased release by platelets 
and increased production by endothelial cells (ECs). On vascular smooth muscle cells (VSMCs), serotonin receptors (5HT-2A, 5HT-2B, 5HT-1B/1D) are activated and induce 
vasoconstriction and remodeling. Overexpression of serotonin transporter (SERT) enhances the mitogenic effect of serotonin. Serotonin receptors on platelets potentiate 
aggregation. C, Nitric oxide (NO), endothelin-1 (ET-1), and prostacyclin are dysregulated vasoactive effectors in PAH. In pulmonary vasculature, NO is predominantly 
generated in ECs and transported to VSMCs; there, it stimulates production of cyclic guanosine monophosphate (cGMP) to induce vasorelaxation and decrease 
proliferation. Endothelin-1 is also predominantly synthesized and released from ECs. It activates endothelin receptor subtype A (ET-A) on smooth muscle cells (SMCs) 
to induce vasoconstriction and proliferation, while it stimulates NO and prostacyclin release via endothelin receptor subtype B (ET-B) on endothelial cells. Prostacyclin 
is produced from arachidonic acid and released from endothelial cells. In vascular smooth muscle cells, it activates production of cyclic adenosine monophosphate 
(cAMP) to promote vasorelaxation and inhibit proliferation. In PAH, NO and prostacyclin levels are significantly reduced while ET-1 levels are markedly elevated. This 
leads to a profound imbalance of these vasoactive effectors and exaggerated vasoconstriction and abnormal vascular smooth muscle proliferation. AM, adrenomedullin; 
AMP, adenosine monophosphate; ATP, adenosine triphosphate; BH4, tetrahydrobiopterin; eNOS, endothelial nitric oxide synthase; GMP, guanosine triphosphate; PDE, 
phosphodiesterase; TGFβ, transforming growth factor beta; TGFβR, transforming growth factor beta receptor; VIP, vasoactive intestinal peptide. (Adapted from Archer SL, 
Weir EK, Wilkins MR: Basic science of pulmonary arterial hypertension for clinicians: new concepts and experimental therapies. Circulation 121:2045–2066, 2010.)
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end-stage PAH; however, because the histopathology of hypoxic 
PH does not recapitulate all aspects of PAH, some mechanistic 
differences in pathogenesis certainly exist but have not yet been 
fully identified. These are important considerations, especially in 
the context of interpreting studies of hypoxic PH and extrapolat-
ing those findings to the pathogenesis of PAH.

HEMOGLOBIN DISORDERS

Pulmonary arterial hypertension is associated with hemoglobinop-
athies, especially thalassemias and sickle cell anemia.28 Hemolysis 
accompanying these disorders may lead to destruction of bioactive 
nitric oxide (NO) by free hemoglobin or reactive oxygen species 
(ROS). Furthermore, ROS may lead to increased levels of oxyhe-
moglobin, which further impairs delivery of NO to the vessel wall. 
As a result of the lack of available NO, an inflammatory and prolif-
erative cascade may ensue, with culmination in PAH. Accordingly, 
decreased NO bioavailability with development of PH has been 
reported after hemolysis in a murine model of sickle cell disease 
(SCD),29 and acutely in a murine model of intravascular hemolysis.30  
In vivo correlation to human disease is pending.

PORTOPULMONARY HYPERTENSION

Portopulmonary hypertension is defined as PAH associated with 
portal hypertension (portal pressure >10 mmHg), with or with-
out hepatic disease.31 Approximately 9% of patients with severe 
PAH are reported to have portal hypertension. Portopulmonary 
hypertension affects 4% to 6% of patients referred for liver trans-
plantation. Liver transplantation perioperative mortality is signifi-
cantly increased in patients with a mean PAP above 35 mmHg. 
Diagnosis of PH is usually made 4 to 7 years after the diagnosis 
of portal hypertension, but it has occasionally been reported to 
precede onset of portal hypertension. Risk of PH increases with 
duration of disease. The correlation between severity of portal 
hypertension and development of PH is debated. The female 
predominance of primary PAH is not seen in portopulmonary 
hypertension.

Survival is much worse than in PAH of other causes, with a 
median survival of 6 months. Because patients with nonhepatic 
causes of portal hypertension have been reported with this entity, 
it appears that portal hypertension, not cirrhosis, triggers develop-
ment of PAH, yet the mechanism of portopulmonary hypertension 
is unknown. Hypotheses include inability of the liver to metabo-
lize serotonin and other vasoactive substances. Alternatively, shear 
stress from increased pulmonary blood flow may result in endothe-
lial injury, triggering a cascade of events that result in the character-
istic adverse remodeling described earlier.

COLLAGEN VASCULAR DISEASE

Pulmonary arteriopathy complicates autoimmune diseases, 
especially in the setting of the CREST (calcinosis, Raynaud 
phenomenon, esophageal dysfunction, sclerodactyly, telan-
giectasia) variant of limited systemic sclerosis and, to a lesser 
degree, in mixed connective tissue disease, systemic lupus ery-
thematosus (SLE), and rheumatoid arthritis.32 Pulmonary arte-
rial hypertension has been reported in approximately 10% to 
30% of patients with mixed connective tissue disease, 5% to 10% 
of patients with SLE, and more rarely in the settings of rheuma-
toid arthritis, dermatomyositis, and polymyositis.33 Sjögren syn-
drome may rarely be complicated by rapidly progressive PAH. 
It is particularly important to distinguish between PAH and 
thromboembolic PH in patients with SLE and antiphospholipid 
syndrome. Occurrence of PAH in each disease has been asso-
ciated with Raynaud phenomenon, suggesting at least some 
similarities in pathogenesis.34 Presence of interstitial lung dis-
ease and pulmonary fibrosis, seen at varying frequency in 
these autoimmune syndromes, may represent a common patho-
genic factor in development of PAH. Accordingly, in the setting 
of pulmonary fibrosis and hypoxia, significant perivascular  

inflammation and deposition of ECM have been observed, which 
may increase vasoconstriction, proliferation, and vessel remodel-
ing. Murine models of interstitial lung disease may prove impor-
tant in further elucidating pathogenic mechanisms.

HUMAN IMMUNODEFICIENCY VIRUS

An association between HIV infection and PH has been noted 
in approximately 0.5% of all patients with HIV infection, a rate 
6 to 12 times higher than the general population.35 Notably, HIV 
does not infect pulmonary arterial endothelium, but mecha-
nisms of disease have been proposed that directly stem from 
effects of HIV infection.36 These include infection of SMCs with 
subsequent dysregulation of proliferation, imbalance of vascular 
mitogens in response to systemic HIV infection, and endothe-
lial injury precipitated by HIV-infected T cells. The direct actions 
of HIV-encoded proteins may also factor into PAH develop-
ment.8 The HIV gp120 protein may induce pulmonary endothe-
lial dysfunction and apoptosis. In a macaque model of simian 
immunodeficiency virus infection, a pathogenic interaction of 
the viral Nef protein with the pulmonary vessel wall has been 
reported, leading to pulmonary arteriopathy. Cell culture studies 
have also demonstrated a role for the HIV Tat protein in repres-
sion of BMPR2 transcription, potentially provoking a proliferative 
response in the vessel wall.

It had been proposed that human herpesvirus 8 (HHV-8), the 
causative agent of Kaposi sarcoma and an opportunistic pathogen 
highly associated with HIV infection, may play a role in PAH devel-
opment with progression to plexiform lesions. Although it was ini-
tially reported that HHV-8 infection is associated with idiopathic 
PAH,37 that link has not been consistently validated after study 
of additional populations. Nonetheless, PAH in the setting of HIV 
infection likely results from multifactorial effects, and the under-
lying pathogenesis may involve both direct results of viral infection 
and indirect consequences of associated pathogens.

SHUNT PHYSIOLOGY

Increased flow through the pulmonary circulation has long been 
associated with development of PAH. Certain types of congeni-
tal heart disease with functional systemic-to-pulmonary shunts, 
such as unrestricted ventricular septal defects (VSDs) and large 
patent ductus arteriosus (PDA), invariably lead to pulmonary 
vascular remodeling and the clinical syndrome of PAH during 
childhood (Eisenmenger's syndrome).38 Approximately a third of 
patients with uncorrected VSDs and PDAs die from PAH. The tim-
ing of surgical repair greatly influences the outcome. If the shunt 
is repaired within the first 8 months of life, patients tend to have 
normal pulmonary pressures regardless of pathological findings; 
by contrast, patients operated on after age 2 tend to have persistent 
PAH. Importantly, when PVR equals or exceeds systemic vascular 
resistance, surgical correction of a shunt will increase the load on 
an already overburdened right ventricle (RV), worsen the patient's 
clinical condition, and not reverse PAH.

The presence of atrial septal defects (ASD) with systemic-to-
pulmonary shunts may also lead to PAH over time.39 Yet, in con-
trast to cases of unrestricted VSD and PDA, only 10% to 20% of all 
persons with ASDs progress to PAH. This observation may reflect 
differences in the response of the pulmonary vasculature to pres-
sure overload (as seen in shunts with VSD and PDA) as compared 
to volume overload (as seen in shunts with ASD). Furthermore, 
patients with ASD may harbor a specific unidentified genetic pre-
disposition to the development of PAH that may exacerbate the 
increased volume load to the pulmonary circulation.

At the molecular level, the physiological flow patterns of lami-
nar shear stress, turbulent flow, and cyclic strain are all recog-
nized by ECs, leading to transduction of intracellular signals 
and modulation of a wide variety of phenotypic changes.40 
Significant prior work has focused mainly on the endothe-
lium of the peripheral vasculature, suggesting that laminar flow 
induces a vasoprotective quiescent vascular state, whereas  
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turbulent flow leads to a proinflammatory and thrombogenic 
state. It is unclear whether these flow-dependent phenotypes are 
recapitulated in the pulmonary vasculature. In part, this stems 
from the difficulty of directly studying directly the in vivo flow 
patterns at the anatomical level of the pulmonary arteriole. Ex 
vivo modeling of pulsatile flow with high levels of shear stress 
and chronic vascular endothelial growth factor (VEGF) inhi-
bition has demonstrated apoptosis of pulmonary artery ECs, 
followed by outgrowth and selection for proliferating apoptosis-
resistant cells.41 Therefore, chronically elevated flow may allow 
for selection of cells with dysregulated EC growth and resulting 
clonal or polyclonal expansion to plexiform lesions.

PERSISTENT PULMONARY HYPERTENSION  
OF THE NEWBORN

Persistent pulmonary hypertension of the newborn (PPHN) is 
characterized by persistent elevation of PVR, right-to-left shunting, 
and severe hypoxemia. It can occur with pulmonary parenchymal 
diseases including sepsis, meconium aspiration, pneumonia, mal-
adaptation of the pulmonary vascular bed, or without an appar-
ent cause.42 Persistent PH in newborns may lead to death during 
the neonatal period, or it may be transient, leading to spontaneous 
and complete recovery. Inadequate production of NO may be an 
important contributor to persistent PH in infants, and inhaled NO 
is useful in treating this disorder.

MISCELLANEOUS DISORDERS

Pulmonary arterial hypertension is more rarely reported in 
patients suffering from other clinical syndromes such as pulmo-
nary veno-occlusive disease, chronic myelodysplastic syndromes 
with thrombocytosis, and idiopathic thrombocythemia, as well as 
in persons exposed to stimulants of the central nervous system, 
such as methamphetamines and cocaine. Dysregulation of sero-
toninergic signaling may contribute8 but does not explain these 
associations entirely. Finally, idiopathic PAH demonstrates a gen-
der predilection of unclear etiology, with a high predominance of 
affected females.43

Vascular Effectors
Downstream of the genetic and acquired triggers of PAH, the his-
topathological processes that predominate later stages of disease 
include vasoconstriction, cellular proliferation, and thrombosis. 
These processes are influenced by a complex and dysregulated 
balance of vascular effectors controlling vasodilation and vasocon-
striction, growth suppressors and growth factors, and pro- vs. anti-
thrombotic mediators. Most of these effectors have been described 
in previous comprehensive reviews and will be described here 
specifically in regard to their known roles in PAH pathogenesis 
(Table 56-1).

NITRIC OXIDE

Gaseous vasoactive molecules regulate pulmonary vascular 
homeostasis, and alterations in their endogenous production 
have been linked to progression of PAH. Nitric oxide is the best 
described of these factors (see Fig. 56-4C).44 It is a potent pul-
monary arterial vasodilator as well as a direct inhibitor of plate-
let activation and VSMC proliferation. Nitric oxide diffuses into 
recipient cells (e.g., vascular muscle), where it activates soluble 
guanylyl cyclase (sGC) to produce cyclic guanosine monophos-
phate (cGMP). In turn, cGMP interacts with at least three different 
groups of effectors: cGMP-dependent protein kinases, cGMP- 
regulated phosphodiesterase (PDE), and cyclic nucleotide-gated 
ion channels. Synthesis of NO is mediated by a family of NO syn-
thase (NOS) enzymes. In the pulmonary vasculature, the endothe-
lial (eNOS) isoform figures most prominently and is regulated by 
a multitude of vasoactive factors and physiological stimuli includ-
ing hypoxia, inflammation, and oxidative stress. Reduced levels 
and reduced activity of eNOS, reduced NO bioavailability, dysreg-
ulated intracellular NO transport via caveolae, and increased deg-
radation of cGMP all aggravate PAH progression in human studies 
and/or animal models.

Dysregulation of NO may also depend upon still incompletely 
characterized processes of NO transport in blood.45 Specific 
polymorphisms of NOS have also been associated with pulmo-
nary hypertension. Together, these effects indicate a coordinated 
mechanism of dysregulated vasoconstriction. Correspondingly, 
murine models that genetically lack eNOS, GTP cyclohydrase-1 
(the rate limiting enzyme for synthesis of an essential cofactor 
of NOS, tetrahydrobiopterin), or dimethylarginine dimethylami-
nohydrolase (DDAH, an enzyme important in degradation of 
NOS inhibitors) all display exaggerated susceptibility to devel-
oping PH in response to other endogenous stimuli.3 Finally, the 
impact of NO has been reflected in its therapeutic role in PAH, 
such as inhaled NO46 and the NO-dependent phosphodiesterase 
type-5 (PDE5) inhibitors (discussed later in detail).

PROSTACYCLIN/THROMBOXANES

The arachidonic acid metabolites prostacyclin and thromboxane 
A2 (TxA2) also play crucial roles in vasoconstriction, thrombosis, 
and to a certain degree, vessel wall proliferation (see Fig. 56-4C). 
Prostacyclin (prostaglandin I2) activates cAMP-dependent path-
ways and serves as a vasodilator, antiproliferative agent for vascular 
smooth muscle, and inhibitor of platelet activation and aggregation. 
In contrast, TxA2 increases vasoconstriction and activates plate-
lets.47 Protein levels of prostacyclin synthase are decreased in small 
and medium-sized pulmonary arteries in patients with PAH, par-
ticularly with the idiopathic form.48 Biochemical analysis of urine 
in patients with PAH has shown decreased levels of a breakdown 
product of prostacyclin (6-ketoprostacyclin F2α), accompanied 
by increased levels of a metabolite of TxA2 (thromboxane B2).49  

 
VASCULAR EFFECTOR

CHANGE IN ACTIVITY 
IN PAH

EFFECT ON 
VASOCONSTRICTION

EFFECT ON 
CELL PROLIFERATION

EFFECT ON  
THROMBOSIS

Serotonin Increased Increased Increased Increased

Nitric oxide Decreased
(Increased in plexiform 

lesions)

Increased (?) Increased in plexiform 
lesions

Increased

Thromboxane A
2

Increased Increased Increased Increased

Prostacyclin Decreased Increased Increased Increased

Endothelin-1 Increased Increased Increased (N/A)

Vasoactive intestinal peptide (VIP) Decreased Increased Increased Increased

Peroxisome proliferator-activated 
receptor (PPAR)-γ

Decreased (N/A) Increased (N/A)

TABLE 56-1  Roles of Vascular Effectors in Pathogenesis of Pulmonary Arterial Hypertension
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Therefore, it appears that production of these effectors is coordi-
nately regulated, with the imbalance toward TxA2 favored in the 
development of PAH. The mode of this regulation remains to be 
characterized. Nonetheless, recognition of this imbalance has 
led to the success of prostacyclin therapy and improvement of 
hemodynamics, clinical status, and survival in patients with severe 
PAH.50

ENDOTHELIN-1

Endothelin-1 is expressed by pulmonary ECs and has been iden-
tified as a significant vascular mediator in PAH (see Fig. 56-4C).51 
It acts as both a potent pulmonary arterial vasoconstrictor 
and mitogen of pulmonary smooth muscle cells. The vasocon-
strictor response relies upon binding to the endothelin recep-
tor A (ET-A) on vascular smooth muscle cells. This leads to  
an increase in intracellular calcium, along with activation of pro-
tein kinase C (PKC), mitogen-activated protein kinase (MAPK), 
and the early growth response genes c-fos and c-jun.52 The mito-
genic action of ET-1 on pulmonary VSMCs can occur through 
either the ET-A and/or the ET-B receptor subtype, depending 
on the anatomical location of cells. Endothelin receptor A pre-
dominantly mediates mitogenesis in the main pulmonary artery, 
whereas mitogenesis in resistance arteries relies upon contribu-
tions from both subtypes. The resulting vasoconstriction, mitogen-
esis, and vascular remodeling are thought to lead to significant 
hemodynamic changes in the pulmonary vasculature and to 
PAH. Plasma levels of ET-1 are increased in animal and human 
subjects suffering from PAH due to a variety of etiologies53 and 
correlate with disease severity.54 Again, improvement in hemody-
namics, clinical status, and survival of PAH patients treated with 
chronic ET receptor antagonists highlights the significance of 
these effects.55

VASOACTIVE INTESTINAL PEPTIDE

Down-regulation of vasoactive intestinal peptide (VIP) may also 
play a pathogenic role. Vasoactive intestinal peptide is a pulmo-
nary vasodilator, an inhibitor of proliferation of VSMCs, an inhibi-
tor of platelet aggregation, and free radical scavenger. Decreased 
concentrations of VIP and VIP receptors have been reported in 
serum and lung tissue of patients with PAH.56 Vasoactive intesti-
nal peptide-null mice suffer from moderate pulmonary hyperten-
sion.57 Both pulmonary arterial pressure (PAP) and PVR in humans 
decrease after treatment with VIP. 58,59 Key questions regarding the 
mode(s) of regulation of VIP expression and its putative causative 
role in PAH remain unanswered.

PEROXISOME PROLIFERATOR-ACTIVATED RECEPTOR γ

Peroxisome proliferator-activated receptor gamma (PPAR-γ)
and apoli poprotein E (apoE) may function as integral factors 
in PAH.60,61 PPARs are ligand-activated nuclear transcription 
factors that heterodimerize with the retinoid X receptor for 
subsequent binding to PPAR response elements in the pro-
moters of target genes. Idiopathic PAH patients carry reduced 
pulmonary transcript levels of PPAR-γ and apoE. PPAR-γ in 
particular is a direct target of BMP2 in human PASMCs, lead-
ing to stimulation of apoE synthesis and downstream inhi-
bition of vascular smooth muscle proliferation. PPAR-γ also 
regulates a host of protein kinases implicated in PASMC 
proliferation and migration. PPAR-γ agonists are antiinflam-
matory and induce pro-apoptotic phenotypes, both theoreti-
cally inhibitory to the pathogenesis of PAH. Mice deficient in 
smooth muscle– specific PPAR-γ are prone to PAH. Similarly, 
when fed a high-fat diet, male mice deficient in apoE develop 
PAH. This condition is reversed by rosiglitazone, a PPAR-γ 
agonist. Nonetheless, less robust results have been seen when 
using rosiglitazone hypoxic-PH rats, suggesting that these 
results offer a partial explanation to the complex molecular 
pathogenesis of BMPR2 signaling and PAH pathogenesis.

NATRIURETIC PEPTIDES

The atrial and brain natriuretic peptides (ANP and BNP) are pro-
duced by myocardium in response to stretch. They bind guany-
lyl cyclase receptors (NPR-A and NPR-B) that induce production 
of cGMP. Increased plasma concentrations of these peptides in 
PAH have been used as markers of the extent of RV dysfunction.62 
Genetic inactivation of NPR-A in mice is associated with PH63; in 
contrast, administration of atrial natriuretic peptide (ANP) amelio-
rates PAH in rodent models.64 Additionally, inhibition of the meta-
bolic breakdown of natriuretic peptides via neutral endopeptidase 
inhibitors has shown promise in animal studies of PAH. Human 
studies have yet to confirm efficacy.

ADRENOMEDULLIN

Adrenomedullin is an endogenous peptide that activates signaling 
pathways (i.e., cAMP, NO-cGMP, phosphatidylinositol-3-kinase/Akt) 
to induce vasodilation and inhibit proliferation. It decreases mean 
PAP and RV hypertrophy in hypoxic rats.65 A related peptide, adre-
nomedullin-2, binds the same cellular receptors as adrenomedul-
lin, and it is elevated in some rodent forms of PAH.

MISCELLANEOUS EFFECTORS

Other potential contributing factors include angiopoietin-1, the vaso-
dilatory gases carbon monoxide and hydrogen sulfide, phosphodies-
terase I, survivin, the calcium binding protein S100A4/Mts, the transient 
receptor potential channels, and Notch 3.66 These may represent 
important but as yet incompletely described pathogenic contribu-
tors.8 Other mitogenic and angiogenic growth factors, such as VEGF, 
platelet-derived growth factor (PDGF), basic fibroblast growth factor 
(bFGF)-2, insulin-like growth factor (IGF)-1, and epidermal growth fac-
tor (EGF) all may play downstream roles in later stages of PAH.

Pathogenic Pathways
Our understanding of specific actions of individual effectors has 
improved, but how they relate to upstream genetic or exogenous 
triggers of PAH remains unclear.  In fact, none of these factors has yet 
been definitively linked to the root pathogenesis of disease. Insight 
into this topic is offered by the fact that known effectors are likely 
subject to upstream, overarching regulatory pathways that affect 
the action of multiple vasoactive molecules.67 Characterization of 
these regulatory mechanisms may eventually allow for identifica-
tion of primary molecular triggers of disease and offer novel thera-
peutic targets for drug development (see Fig. 56-3).

MITOCHONDRIAL METABOLISM

Mitochondrial and metabolic dysfunction may be common in PAH.  
Endothelial and VSMCs from human PAH tissue display dysmor-
phic and hyperpolarized mitochondria.68 Metabolically, these cells 
preferentially exhibit a down-regulation of mitochondrial metab-
olism with an induction of glycolysis for energy production.69 
Under hypoxic conditions, this so-called Pasteur effect is a normal 
adaptive event that improves cellular survival by optimizing ade-
nosine triphosphate (ATP) production while reducing oxygen rad-
icals generated from the mitochondrial electron transport chain. 
Under normoxic conditions, however, such a shift to glycolysis 
(the Warburg effect) is thought to confer inappropriate resistance 
to apoptosis and is prominently seen in various cancer lineages. 
Such metabolic changes in the mitochondria are dependent upon 
a master transcription factor of hypoxia, hypoxia inducible factor 1 
alpha (HIF-1α), and its critical downstream targets such as pyruvate 
dehydrogenase kinase (PDK1), among others.70 In PAH, HIF-1α and 
PDK1 are dysregulated; conversely, treatment with dichloroacetate, 
a PDK inhibitor, ameliorates multiple forms of PAH in rodent mod-
els (chronic hypoxic PH, monocrotaline PAH, and fawn-hooded rat 
PAH).71 It is conceivable that therapies aimed at reversing this met-
abolic dysregulation may result in improvement and/or regression 
of the PAH phenotype.
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RIGHT VENTRICULAR DYSFUNCTION

After birth, PAPs typically decline, leading to involution of the RV 
to a thin-walled structure in the adult. During pathological conditions 
of increased PAPs in PAH, however, RV hypertrophy (RVH) and 
strain ensue, followed by RV failure if left untreated. Historically, the 
molecular pathways governing left ventricular (LV) failure, which 
have been better characterized, had been assumed to play primary 
roles in RV failure as well. Contemporary evidence suggests there 
may be distinct molecular and physiological differences between 
LV and RV failure that are just beginning to be explored.72 For 
instance, PDE5, which is expressed in the fetal RV, is selectively up-
regulated in the hypertrophied RV. Interestingly, inhibition of PDE5 
enhances RV contractility without affecting the LV, where PDE5 
expression is absent.

Unique metabolic changes in the RV have also been reported. 
The normal RV can use either fatty acids or glucose as needed for 
energy production. In RVH, the RV nearly exclusively relies upon 
glycolysis. Adenosine monophosphate (AMP)-activated protein 
kinase is activated in RVH, which preserves ATP levels by increas-
ing glucose transport and glycolysis while inhibiting the tricar-
boxylic acid (TCA) cycle via repression of acetyl-coenzyme A 
carboxylase.73 Furthermore, during RVH, PDK is activated, induc-
ing a metabolic switch away from oxidative phosphorylation to 
glycolysis. As a result, the hypertrophied RV has been hypothe-
sized to behave as “hibernating myocardium,” which may suggest 
that the RV can be targeted therapeutically in PAH.3

POTASSIUM CHANNEL BIOLOGY

Modulation of voltage-gated potassium channels (Kv) may also 
represent an overarching pathogenic mechanism of PAH.71 Kv 
channels are tetrameric membrane-spanning channels that selec-
tively conduct potassium ions; in PASMCs, Kv channels aid in 
regulation of the resting membrane potential. In response to Kv 
inhibition or down-regulation, depolarization leads to the open-
ing of voltage-gated calcium channels, increase in intracellular 
calcium, and initiation of a number of intracellular signaling cas-
cades promoting vasoconstriction and proliferation and inhibiting 
apoptosis. Expression array analysis has demonstrated a depletion 
of Kv1.5 channels in pulmonary tissue derived from PAH patients.74 
It is currently unknown whether these Kv channel abnormalities 
are congenital or acquired, but a number of polymorphisms in the 
Kv1.5 channel gene (KCNA5) have been described, which may 
suggest a genetic predisposition to channel depletion.75 Appetite 
suppressants (e.g., dexfenfluramine, aminorex) that are risk factors 
for development of PAH can also directly inhibit Kv1.5 and Kv2.1. 
A variety of transcription factors (HIF-1α, NFAT, and c-Jun) are 
increased in PAH, with resulting down-regulation of Kv1.5 expres-
sion in PASMCs. Inhibition of these factors consequently increases 
Kv1.5 expression, with resulting improvements in Kv current and in 
some cases, improved pulmonary arterial remodeling in hypoxic 
rodent models of PH. Inhibition of Kv currents in pulmonary SMCs 
may be regulated by serotonin, TxA

2, and perhaps NO. Furthermore, 
BMP signaling can regulate Kv receptor expression. Taken together, 
the Kv pathway may represent a common point of regulation in 
pathogenesis. Accordingly, augmentation of Kv activation would be 
predicted to induce vasodilation and perhaps allow for regression 
of vessel remodeling. In vivo gene transfer of Kv channels in chron-
ically hypoxic rats has led to improvement of PH and suggests its 
therapeutic potential.76

TYROSINE KINASES

End stages of PAH are marked by exaggerated expression or activ-
ity of multiple growth factors, including PDGF, fibroblast growth 
factor 1 (FGF-1), FGF-2, EGF, and VEGF. All appear to contribute sub-
stantially to the overall obstructive arterial remodeling character-
istic of PAH, via synergistic and combinatorial pathways. Some of 
the receptors for these growth factors are transmembrane recep-
tor tyrosine kinases that activate a diverse and overlapping set of 

 intracellular signaling pathways. Inhibition of EGF77 and PDGF78 
receptors demonstrates improved hemodynamics and survival in 
PAH. Case reports exist of a beneficial effect of adding imatinib 
(a nonselective tyrosine kinase inhibitor)79 or sorafenib (a “mul-
tikinase inhibitor”)80 to baseline PAH therapy; however, further 
mechanistic clarity of the specific role of tyrosine kinases in the 
pathogenesis of PAH is needed.

RHO-KINASE SIGNALING

Multiple vascular cell types rely upon the rho kinase signaling 
pathway for homeostatic function and response to injury.81 Rho is 
a guanosine triphosphate (GTP) binding protein that activates its 
downstream target, rho-kinase, in response to activation of a vari-
ety of GPCRs (including those related to BMP/SMAD signaling 
and serotonin signaling). In vitro activation of these signaling cas-
cades results in modulation of multiple cellular processes, includ-
ing enhanced vasoconstriction, proliferation, impaired endothelial 
response to vasodilators, chronic pulmonary remodeling, and up-
regulation of vasoactive cytokines via the nuclear factor kappa beta 
(NFκB) transcription pathway. Rho-kinase activity has also been 
linked specifically to a number of known effectors of PAH, includ-
ing ET-1, serotonin, and eNOS, among others. Elevated rho-kinase 
activity has been demonstrated in animal models of PAH,82,83 and 
intravenous fasudil, a selective rho-kinase inhibitor, has induced 
pulmonary vasodilation and regression of PAH in various animal 
models (as reviewed in8), as well as in patients with severe PAH 
who were otherwise refractory to conventional therapies.84,85 Taken 
together, these data suggest that rho-kinase may control a master 
molecular “switch” in the pulmonary artery, initiating an activated 
state in disease from a quiescent state in health. As a result, rho-
kinase represents an attractive and novel upstream therapeutic tar-
get for treatment of PAH.

INFLAMMATION

As reflected by a strong association of PAH with various autoim-
mune and infectious states as well as a significant presence of 
T cells, B cells, and macrophages in plexiform lesions, a severe 
inflammatory state predominates end-stage PAH. Athymic nude 
rats, which lack functioning T cells, display greater sensitivity to 
PAH.86 T-cell dysregulation may figure prominently because regu-
latory T cells (Treg) are increased, whereas CD8+ cytotoxic cells are 
decreased, in idiopathic PAH.87 In addition, a number of soluble 
chemoattractants and proinflammatory cytokines from the pul-
monary artery are up-regulated in human and animal models of 
severe PAH. These include interleukin (IL)-1β, TGF-β1, bradykinin, 
monocyte chemotactic protein-1, fractalkine, RANTES, and leu-
kotrienes, among others. 5-Lipoxygenase (5-LO) regulates synthe-
sis of leukotrienes, which in turn can promote cytokine release. 
5-Lipoxygenase may represent a possible upstream factor involved 
in inciting this proinflammatory state, and elevated levels of 5-LO 
have been detected in macrophages and pulmonary endothelium 
derived from patients suffering from idiopathic PAH.88 In various 
murine models of PAH, overexpression of 5-LO has worsened PH 
and vascular remodeling,89 while 5-LO inhibitors have attenuated 
PH. It is thus tempting to speculate that 5-LO itself may possess an 
upstream regulatory role in PAH progression.

EXTRACELLULAR MATRIX BIOLOGY

Vascular-specific serine elastase activity has been implicated in 
PAH pathogenesis via regulation of the remodeling response in the 
extracellular matrix.90 In pulmonary arterioles, serine elastases are 
secreted into the extracellular space to activate matrix metallopro-
teinases (MMP) and inhibit tissue inhibitors of MMP (TIMP). Both 
MMP and elastases degrade most components of the ECM leading 
to an up-regulation of fibronectin (FN) and subsequent enhance-
ment of cellular migration. Matrix degradation also increases 
integrin signaling, with resulting expression of the glycoprotein  
tenascin C. Tenascin C acts cooperatively with other factors to 
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enhance smooth muscle proliferation. Increased degradation of 
elastin91 has been observed in pulmonary arteries from patients 
suffering from congenital heart disease and resultant PAH. In pul-
monary tissue of PAH patients harboring BMPR2 mutations and rat 
models of PAH, increased production and activity of vascular elas-
tases92 and tenascin C93 have been reported. This up- regulation of 
elastase function may be induced by a number of vascular effec-
tors implicated in PAH, including NO, serotonin, and theoretically, 
the BMP pathway. Elastase inhibitors can induce apoptosis of SMCs 
in cell culture and can improve PAH in animal models.94,95 Thus, 
elastase function may also represent a novel therapeutic target.

Clinical Pathophysiology
The pulmonary vascular bed has a remarkable capacity to 
dilate and recruit unperfused vessels, adapting easily to large 
increases in blood flow. In PAH, these properties are lost. Right 
ventricle function is highly afterload dependent and works less 
efficiently with increases in PVR. With increased afterload, the 
RV hypertrophies and dilates. In the early stages of PAH, resting 
PAP remains normal and cardiac output (CO) is maintained, 
but with exercise, PAP becomes abnormally high and the RV 
is unable to increase CO. With progressive PH there may even-
tually be a decrease in measured PAP due to a decrease in 
CO, while the PVR remains elevated. Cardiac function is char-
acterized by RV systolic and diastolic overload from tricus-
pid regurgitation. The LV is not directly affected by pulmonary 
vascular disease, but when PAP rises to the extent that the RV 
changes from its normal crescent shape to expand into the LV, 
it can impair LV filling, increase LV end-diastolic pressure, and 
decrease CO, a phenomenon described as the reverse Bernheim 
effect.

The two most frequent causes of death in PAH are progressive 
RV failure and sudden death. Right ventricle failure may be exac-
erbated by pneumonia, and alveolar hypoxia can cause further 
vasoconstriction and greater impairment of CO. Sudden death may 
be caused by arrhythmias that arise in the setting of hypoxemia 
and acidosis, acute pulmonary emboli, massive pulmonary hemor-
rhage, and subendocardial RV ischemia.96

Diagnostic Evaluation
Initial Approach
There is no pathognomonic finding in PAH; thus the diagnosis is 
one of exclusion. A thorough evaluation must be performed to 
reveal potentially contributing factors, including causes of sec-
ondary forms of PH that require a different treatment approach. It 
is important to probe for a family history of PH, early unexplained 
deaths, congenital heart disease, and collagen vascular disease. 
A thorough history should also include all associated risk fac-
tors of PH to uncover a possible explanation for the onset of PAH 
and exclude secondary causes of PH. A functional assessment 
should be made on the basis of the New York Heart Association 
(NYHA) functional classification of heart failure adopted for 
PAH at the World Health Organization (WHO)-sponsored sym-
posium.1 In addition to a comprehensive history, diagnostic 
evaluation should include physical examination, exercise test-
ing (e.g., 6-minute walk), chest radiograph, electrocardiography, 
pulmonary function tests, arterial blood gas and other blood  
tests, noninvasive cardiac and pulmonary imaging, and cardiac 
catheterization with measurement of response to vasodilator 
administration (Fig. 56-5).

SYMPTOMS

By the time patients develop symptoms, PAH is usually advanced, 
and CO is often reduced. The nonspecificity of presenting symp-
toms can cause a long delay in diagnosis in most patients. The 
most common presenting symptom is dyspnea on exertion, which 

affects nearly all patients as disease progresses. Other presenting 
symptoms include fatigue, syncope or near syncope, chest pain, 
lower-extremity edema, or palpitations. Dyspnea may be due to 
impaired oxygen delivery during exercise, secondary to inability to 
increase CO to accommodate increased oxygen demand. Syncope 
occurs when CO is severely limited and inadequate cerebral blood 
flow with exertion ensues. Chest pain in PAH may be caused by 
subendocardial RV ischemia.

PHYSICAL FINDINGS

Clinical findings in PAH are initially subtle. The first signs of disease 
may be an RV heave, a loud pulmonic second heart sound, and a 
right-sided fourth heart sound. Eventually a right-sided third heart 
sound and a left parasternal systolic murmur of tricuspid regurgita-
tion may be audible. Findings of jugular venous distension, ascites, 
and peripheral edema indicate overt right heart failure. Physical 
examination must include evaluation for signs associated with spe-
cific diseases associated with PAH, including collagen vascular 
disease, liver disease, HIV, HHT, thyroid disease, and all secondary 
causes of PH.

LABORATORY STUDIES

Secondary causes of PAH should be sought with serol-
ogy for HIV and collagen vascular diseases, liver function 
tests (LFTs), and toxic exposures. Thyroid function should 
be evaluated. Thrombocytopenia may be present in severe 
PAH and has multiple contributing causes, including plate-
let activation and aggregation, pulmonary vascular sequestra-
tion, hepatosplenomegaly with splenic sequestration, and an 
 autoimmune-mediated syndrome similar to idiopathic throm-
bocytopenic purpura.97 Thrombocytopenia may accompany 
microangiopathic hemolysis when blood flows through fibrin 
deposits in plexiform lesions, with subsequent shearing of red 
blood cells and platelets. Prostacyclin may also induce throm-
bocytopenia. Thrombocytosis may be present in patients follow-
ing splenectomy.

In patients with PH, high levels of ANP and BNP parallel 
decreased RV function. Levels of both peptides decrease with pros-
tacyclin treatment and ensuing hemodynamic improvement. A 
subsequent increase in plasma BNP has been demonstrated to be 
an independent predictor of mortality.98

RADIOGRAPHIC STUDIES

Chest radiographs in PH usually show an enlarged pulmonary 
trunk and hilar pulmonary arteries, pruning of peripheral vessels, 
and obliteration of the retrosternal clear space by the enlarged RV 
(Fig. 56-6). Occasionally the chest radiograph may appear normal.5 
High-resolution computed tomography (CT) is used to evaluate 
lung parenchyma for interstitial lung disease. Helical CT is used to 
evaluate the central pulmonary arteries for presence of thrombi. 
Ventilation/perfusion scans are used to rule out chronic pulmo-
nary thromboemboli. In patients with PAH, these scans are normal 
or show only patchy defects. If inconclusive, a pulmonary angio-
gram, which will show pruning of peripheral vessels in PAH, must 
be performed to definitively exclude thromboembolic disease. 
Use of pulmonary magnetic resonance angiography (MRA) has 
not been widely reported, but has recently been shown to iden-
tify patients with PAH with high sensitivity and negative predictive 
values.98

ELECTROCARDIOGRAM

The electrocardiogram (ECG) is not a sensitive or specific 
screening tool. In advanced disease, the ECG usually shows signs 
of right heart strain and enlargement, including right axis devia-
tion and evidence of RV hypertrophy. Presence of a conduction 
abnormality is not typical of PAH. Electrocardiogram evidence 
of right heart strain has been associated with decreased 
survival.2
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Suspect PH

Echocardiogram

PH possible

Right heart 
catheterization

Echocardiogram
ECG
Catheterization
Exercise testing

PH diagnosed. Exclude secondary causes:

V/Q scan, 
CT angiogram, or
Pulmonary angiogram

CBC

Primary heart disease, 
Congenital heart disease

Normal
PASP

PH absentPH present

PH unlikely

Symptoms, physical exam, 
CXR, ECG, suggestive

CXR
CT
PFTs
ABG

Diastolic dysfunction
LV failure
Shunt
Valvular heart disease
Congenital heart disease

COPD
Restrictive lung disease
Parenchymal lung disease
Thoracic cage abnormalities
Hypoventilation

Pulmonary
Emboli

Myeloproliferative disease
Platelet disorder
Sickle cell disease

PAH

Hypoxic lung 
disease

Thromboembolic 
disease

- Work-up negative,
  No cause found

Search for causes of PAH:

· Appetite suppressants, toxins
· HIV serology
· CVD serology
· LFTs
· Thyroid function
 No cause found
 Idiopathic PAH

Normal PVRElevated PVR

FIGURE 56-5 Diagnostic evaluation for suspected 
pulmonary  arterial hypertension (PAH). (See Chapter 58  
for a discussion of secondary pulmonary hypertension.) 
ABG, arterial blood gas; CBC, complete blood cell 
count; COPD, chronic obstructive pulmonary disease; 
CPET, cardiopulmonary exercise test; CT, computed 
tomography scan; CVD, collagen vascular disease; 
CXR, chest x-ray; ECG, electrocardiogram; HIV, human 
immunodeficiency virus; LFTs, liver function tests; LV, left 
ventricle; PAH, pulmonary arterial hypertension; PASP, 
pulmonary arterial systolic pressure; PFTs, pulmonary 
function tests; PH, pulmonary hypertension; PVR, 
pulmonary vascular resistance; SCD, sickle cell disease; 
V/Q scan, ventilation/perfusion nucleotide scan.

FIGURE 56-6 Chest radiograph in 
pulmonary arterial hypertension (PAH). 
Pulmonary arteries are highly prominent 
bilaterally, with abrupt tapering (or “pruning”) 
of vessels due to increased peripheral vascular 
resistance (PVR) and diminished flow. There is 
right atrial and ventricular enlargement. Lung 
parenchyma is normal.
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PULMONARY FUNCTION TESTS

Pulmonary function tests (PFTs) are important in excluding sec-
ondary causes of PH, particularly chronic obstructive airways dis-
ease. Airway obstruction is not typical of PAH, although cases of 
bronchial obstruction due to enlarged pulmonary arteries have 
been reported. Pulmonary arterial hypertension patients typically 
demonstrate borderline restrictive physiology, a reduced diffus-
ing capacity for carbon monoxide (DLCO), and hypoxemia with 
hypocapnea.5 Reduction in DLCO results from reduced blood vol-
ume in alveolar capillaries. In a study of pulmonary function in  
79 patients presenting with PAH, significantly reduced DLCO 
(mean 68% of predicted values) was observed in 75% of patients, 
and mild restrictive physiology was seen in 50%.99

ECHOCARDIOGRAPHY

Transthoracic echocardiography is a crucial diagnostic tool 
in evaluating patients for PH.96 It can determine the presence 
of left-sided heart disease, valvular disease, and intracardiac 
shunts, and it allows noninvasive measurement of PAP. A find-
ing of elevated PAP must be further evaluated with pulmonary 
artery catheterization. Echocardiography of PAH patients fre-
quently shows RV hypertrophy and dilation, right atrial enlarge-
ment, and decreased LV cavity size due to bowing of the 
interventricular septum in advanced disease. The inferior vena 
cava is typically distended and does not collapse during inspi-
ration in advanced disease. Systolic PAP can be estimated using 
Doppler measurement of the tricuspid regurgitant flow velocity. 
The upper limit of normal systolic PAP is generally considered 
40 to 50 mmHg at rest, corresponding to a tricuspid regurgitant 
velocity of 3 to 3.5 m/s (although this value varies with age, body 
mass index [BMI], and right atrial pressure).

Limitations to Doppler measurement of PAP do exist, how-
ever; false-negative studies are possible in patients with poor-
quality views or moderate elevations in PAP. Doppler estimates 
of pressures are also operator dependent. Studies comparing 
Doppler-derived PAP values with pressures determined by cathe-
terization yield varying results, with some reporting underestima-
tion of systolic PAP by Doppler.98 Echocardiography is probably 
best employed for its negative predictive value, although a num-
ber of echocardiographic features of PAH suggest worsened 
prognosis.100 These mostly include echocardiographic markers 
of RV dysfunction (i.e., right atrial or ventricular size, septal shift 
toward the LV during diastole, tricuspid annular plane excur-
sion to approximate RV ejection fraction, RV myocardial index). 
Notably, however, echocardiographic estimates of RV systolic 
pressure do not predict survival.101

Exercise echocardiography is a more sensitive test for the 
presence of early PAH, which is particularly valuable in pedi-
atric cases where it may influence decisions regarding surgery. 
Exercise echocardiography has been studied as a screening tool 
to identify asymptomatic carriers of BMPR2 mutations in PAH 
families.102 A resting echocardiogram demonstrating normal PA 
pressure usually excludes a diagnosis of PH. When PAH is strongly 
suspected or a patient has unexplained dyspnea, however, exer-
cise echocardiography performed during exercise may reveal 
exercise-induced PAH.

CARDIAC CATHETERIZATION

Cardiac catheterization remains the gold standard for estab-
lishing the diagnosis and type of PAH. This procedure can 
directly measure right heart and PA pressures, as well as pul-
monary capillary wedge pressure and CO. It can also be used 
to assess vasodilation reserve (see explanation later in the sec-
tion on vasodilator therapy) and is the major determinant in 
prognosis of PH. Cardiac catheterization can also be performed 
with exercise to assess the possibility of exercise-induced PH, 
in which the resting PAP is normal, but PAP during exercise is 
abnormally high.

EXERCISE TESTING

Exercise testing is not required for a diagnosis of PH, but it may 
provide valuable information regarding prognosis. The most 
widely used and reproducible exercise test is the 6-minute walk 
test. This test is usually done after the diagnosis is confirmed by 
cardiac catheterization, and at regular intervals to monitor func-
tional status. The distance walked in 6 minutes has been shown 
to decrease in proportion to the NYHA functional class and is 
a strong independent predictor of mortality. Patients with PAH 
who walk 300 or fewer meters and display decreased arterial 
oxygen saturation by 10% at maximal distance suffer from a sig-
nificantly increased rate of mortality.98 Maximal exercise testing 
must be avoided because syncope and sudden death have been 
reported. Cardiopulmonary exercise testing with or without 
echocardiography has been increasingly used in research stud-
ies and can be helpful in distinguishing PAH from PH secondary 
to diastolic heart failure.

SCREENING

Screening asymptomatic patients at high risk for PAH is recom-
mended.103 The exact population recommended for screening is 
controversial, since the prevalence of disease is low even in cat-
egories of patients at increased risk. Patient groups who likely ben-
efit from screening include those with already known genetic 
mutations predisposing to PAH, first-degree relatives in a familial 
PAH cluster, patients with scleroderma, portal hypertension prior 
to liver transplantation, and patients with congenital systemic-
to-pulmonary shunts.104 Some patients should be evaluated for 
PAH only if they present with symptoms suggestive of the disease, 
including those with collagen vascular disease other than sclero-
derma, HIV, intravenous drug users, patients exposed to appetite-
suppressant drugs, and patients with portal hypertension who are 
not being considered for transplantation. Screening asymptom-
atic or minimally symptomatic patients should begin with a thor-
ough history and physical examination to elicit symptoms or signs 
consistent with PH, followed by diagnostic testing if inconclusive. 
Transthoracic echocardiogram is the best noninvasive test used for 
screening patients.

GENETIC TESTING

Genetic testing of asymptomatic individuals is not currently advo-
cated as an effective method for diagnosis, considering the low 
penetrance of disease manifestation even if a predisposing muta-
tion is present. The risk for disease in first-degree relatives of a 
patient with PAH is relatively low, which has led to uncertainty in 
genetic screening of their family members. Advocates suggest that 
screening asymptomatic patients may enhance knowledge of the 
prevalence of familial PAH and shed light on whether early treat-
ment influences disease pathogenesis. Screening also allows at-risk 
individuals to be aware of known risks that theoretically may aug-
ment penetrance of the disease.105 However, genetic testing results 
can be confusing; even if family members have inherited a predis-
posing mutation, about an 80% chance exists that no discernible 
disease phenotype will manifest. Notably, such circumstances may 
result in detrimental psychological, employment, and insurance 
effects and, if pursued, must be supported by appropriate genetic 
counseling.

Treatment
There is no known cure for PAH, but current therapeutic options 
have dramatically improved survival and quality of life for 
PAH patients. Recently the American Heart Association (AHA) 
and American College of Cardiology, in collaboration with the 
American College of Chest Physicians, American Thoracic Society, 
and Pulmonary Hypertension Association, released consensus rec-
ommendations for treatment of PAH103 (Fig. 56-7).
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General Measures
Any behavior that increases oxygen demand or CO can worsen PAH 
symptoms and RV failure. Heavy physical exertion should be avoided. 
High altitude and nonpressurized airplane cabins can induce hypoxia 
and hypoxia-induced PH. Supplemental oxygen should be used if it is 
necessary for the patient to be exposed to high altitude. Pulmonary 
arterial hypertension is an absolute contraindication to pregnancy 
because it may precipitate fatal right heart failure. Oral contracep-
tives theoretically can increase the risk of hypercoagulability, leading 
to thromboembolic events that could exacerbate PAH. Nonetheless, 
oral contraceptives are often used in nonsmoking women with PAH 
without a history of thromboembolic disease.

Anticoagulation
Anticoagulation has been incorporated into PAH treatment on the 
basis of presence of thrombosis in small PAs, risk of compound-
ing PAH with a thromboembolic component, and increased risk of 
deep venous thrombosis (DVT) in the setting of a low CO. No con-
trolled trial of anticoagulation in PAH currently exists, but antico-
agulation is based on improved survival of patients who received 
warfarin in historical smaller studies.106 The usual recommended 
International Normalized Ratio (INR) is 2 to 2.5.107 Although pros-
tacyclin inhibits platelet aggregation, additional anticoagulation is 
typically used in the absence of a contraindication. Since patients 
with congenital systemic-to-pulmonary shunts are at greater risk 
for hemoptysis, however, some practitioners do not recommend 
anticoagulation in those cases.108

Oxygen Therapy
Use of supplemental oxygen therapy should be considered in 
patients with hypoxemia at rest (partial pressure of oxygen in arte-
rial blood [Pao2] <55 mmHg or arterial blood oxygen saturation 

[Sao2] <88%). Shunt-induced hypoxemia in patients with patent 
foramen ovale or intracardiac shunt is refractory to supplemental 
oxygen therapy. A controlled trial has not been performed, but oxy-
gen therapy can improve quality of life by improving dyspnea and 
exercise capacity, although oxygen equipment can limit mobility.

Treatment of Right Heart Failure
Diuretics are used to reduce intravascular volume and hepatic 
congestion. Cautious use of loop and thiazide diuretics may be 
required for adequate management. Overdiuresis must be avoided; 
it can impair CO by decreasing RV preload. Digoxin is generally 
not used in PAH except for rate control of arrhythmias. Intravenous 
inotropes may acutely improve symptoms of right heart failure but 
are not feasible as chronic agents.

Pulmonary Vascular–Specific Therapies
INITIAL SCREENING FOR VASODILATOR RESERVE

Acute vasoreactivity testing is generally used as an initial screen to 
assess for vasodilator reserve and potential response to vasodila-
tor therapy.109 A significant response to vasodilator testing is gener-
ally accepted as a decrease in PVR by at least 25%, with a decrease 
in mean PAP to less than 40 mmHg. Other parameters include a 
greater than 20% decrease in systolic PAP, a greater than 10 mmHg 
drop in mean PAP, or an increase in cardiac index by 30% or more. 
The most widely used drugs for acute vasoreactivity testing include 
inhaled NO and intravenous prostacyclin (epoprostenol), adenos-
ine, and iloprost, a prostacyclin analog with less effect on the sys-
temic vasculature. Testing more than one drug offers no advantage. 
Vasodilator challenge must be performed with care because drug-
induced systemic hypotension (e.g., with prostacyclin) may reduce 
RV coronary blood flow and cause RV ischemia.

Symptomatic PAH

General treatment: oral anticoagulants (B for IPAH, E/C 
for other PAH), diuretics, oxygen (E/A)

Acute vasoreactivity testing (A for PAH, E/C for other PAH)

Oral CCB (B for IPAH, 
E/B for other PAH)

Sustained response?

Continue CCB

Sildenafil [A]
Trepostinil SC [C]
Trepostinil IV [C]

Bosentan [A]
Sildenafil [A]
Epoprostenol [A]
Iloprost INH [A]
Treprostinil SC [C]
Treprostinil IV [C]

Epoprostenol [A]
Bosentan [A]
Iloprost INH [A]
Sildenafil [A]
Treprostinil SC [C]
Treprostinil IV [C]

FC II FC III FC IV

No improvement or deterioration

Atrial septostomy and/or lung 
transplantation

Combination therapy?
Prostanoid

Bosentan Sildenafil 

FIGURE 56-7 Algorithm for treatment of pulmonary arterial hypertension (PAH), adapted from 2007 AHA/ACC/ACCP Guidelines. Letters following 
recommendations are based on a combination of level of evidence and perceived benefit: A, strong recommendation; B, moderate recommendation; C, weak 
recommendation. Recommendations with an E are based on expert opinion rather than clinical trial evidence. CCB, calcium channel blocker; FC, functional class; INH, 
inhaled; IPAH, idiopathic pulmonary arterial hypertension; IV, intravenous; SC, subcutaneous. (Adapted from Badesch DB, Abman SH, Simonneau G, et al: Medical therapy 
for pulmonary arterial hypertension: updated ACCP evidence-based clinical practice guidelines. Chest 131:1917–1928, 2007.)
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Most studies on PAH report the proportion of responders to 
vasodilators as between 12% and 25%.96 There is no particular 
clinical or disease characteristic that reliably predicts vasodilator 
response. Lack of response to acute vasodilators predicts response 
to oral vasodilator therapy (i.e., nonresponders to inhaled NO do 
not respond to oral calcium channel blockers). Response to acute 
vasodilators, however, does not predict a response to prostacyclin. 
A trial of long-term calcium channel blocker therapy is usually rec-
ommended in PAH patients who respond to vasodilator challenge 
with a decrease in PVR of 50 or more.

CALCIUM CHANNEL BLOCKERS

Calcium channel blockers are the oral drugs of choice for treat-
ing patients who have a significant response to acute vasodila-
tors.109 These agents have been shown to improve hemodynamics, 
RV function, and survival in the subpopulation of PAH patients 
responding to acute vasoreactivity testing.110 Empirical therapy 
without vasodilator testing is not recommended because of 
the high rate of treatment failure. Both nifedipine and diltiazem 
are effective in appropriate patients, and the choice between 
these two drugs is guided by resting heart rate. Doses of these 
drugs required to lower PVR are much higher than those used 
for other indications, which makes systemic side effects a sig-
nificant problem, particularly hypotension and lower-extremity 
edema. Verapamil is not used because of its greater negative ino-
tropic effects. Acute administration of amlodipine causes pulmo-
nary vasodilation, but its long-term efficacy has not been studied.

ENDOTHELIN-1 RECEPTOR ANTAGONISTS

Presently, three endothelin receptor antagonists are approved for 
oral use in PAH: two in the United States (bosentan [Tracleer] and 
ambrisentan [Letairis]) and one in Europe and Canada (sitaxsen-
tan [Thelin]).111 Bosentan is a nonspecific antagonist recogniz-
ing both endothelin receptor subtypes A (ET-A) and B (ET-B), and 
ambrisentan and sitaxsentan are specific for ET-A. It is thought that 
specific inhibition of ET-A may provide more benefit by decreas-
ing the vasoconstrictor effects of ET-A while allowing the vasodila-
tor and ET-1 clearance functions of ET-B receptors. All three agents 
have been found to improve exercise capacity and hemodynamics 
in 12- to 16-week clinical trials.112–114 Bosentan has also improved 
survival in open-label studies and comparison with historical con-
trol data.96 Long-term survival data for the selective endothelin 
inhibitors appear favorable as well, with some preliminary data 
suggesting that time to clinical worsening favors sitaxsentan over 
bosentan. No clear survival data are yet available from properly 
designed clinical trials. Because of its efficacy and ease of use, 
bosentan is currently recommended for stable functional class III 
PAH patients as first- or second-line agents.

A major complication of bosentan includes a dose-dependent 
increase in liver transaminases, which necessitates discontinuation 
in 2% and dose adjustment in 8% to 12% of patients. Hepatic toxic-
ity can occur. Teratogenicity is a class effect of these medications. 
Delayed hemodynamic benefit, compared to the immediate effect 
of prostacyclins, should also be expected. Bosentan can alter lev-
els of concurrently dosed oral contraceptives, PDE inhibitors, or 
HIV antiretroviral drugs. Sitaxsentan use has been complicated by 
supertherapeutic anticoagulation.

PHOSPHODIESTERASE INHIBITORS

Originally marketed for erectile dysfunction (ED), oral PDE5 inhibi-
tors such as sildenafil (Revatio) selectively inhibit the cGMP-specific 
enzyme PDE5, enabling endogenous NO to exert a more sustained 
effect.115 This PDE is highly abundant in pulmonary vasculature, mak-
ing such medications relatively selective pulmonary vasodilators. 
A more recently approved PDE5 inhibitor for use in PAH includes 
tadalafil. In patients with lung fibrosis and PAH, acute administration 
of sildenafil surpasses the vasodilating effect of NO. The effect is simi-
lar to intravenous epoprostenol, except sildenafil is more  selective 

for better ventilated areas of the lung, resulting in improved gas 
exchange. Clinical efficacy has been reported with use of sildenafil 
in patients with primary PAH and PAH associated with congenital 
shunts, SLE, and HIV. Benefits with treatment include improved symp-
toms and hemodynamics, and increased 6-minute walk distance. 
In a multicenter double-blinded, randomized, placebo-controlled 
study of sildenafil treatment for PAH, significant improvements in 
exercise ability and quality of life have been observed; in the open-
label follow-up study, 95% survival was measured at 1 year.116

Major side effects of PDE5 inhibitors include systemic hypoten-
sion, especially in the setting of nitroglycerin use. Approved dos-
ing of sildenafil for PAH is three times daily, whereas tadalafil is 
typically a once-daily medication. Currently, PDE inhibitors are 
approved for functional class II-III PAH patients as first-line agents, 
and for class IV patients as second-line agents.

PROSTACYCLIN AND PROSTACYCLIN ANALOGS

Prostacyclin is an endogenous prostaglandin (prostaglandin I2) 
that causes vasodilation and inhibits platelet aggregation. It also 
has antiproliferative and weak fibrinolytic activities. Intravenous 
prostacyclin (epoprostenol [Flolan]) was first used to treat PAH 
in the early 1980s. Since then, multiple trials of epoprostenol have 
demonstrated improved survival, exercise capacity, and hemody-
namics in patients with PAH compared with conventional treat-
ment.117 Epoprostenol was approved for use in PAH in 1995; it is 
now considered the treatment of choice in patients with functional 
class IV PAH and is an alternative to lung transplantation.107 A 
chronic, perhaps remodeling, effect of epoprostenol has addition-
ally been suggested by several findings. Patients who have no acute 
response may demonstrate a delayed hemodynamic improvement. 
Hemodynamic improvement increases in patients who show an 
initial response, and RV dysfunction improves after long-term 
therapy.

Epoprostenol has an extremely short half-life (approximately 3-6 
minutes), must be kept cold, and must be administered through a 
central venous catheter. It is started in the hospital, employing a 
PA catheter with continuous monitoring. Some clinicians continue 
the dose escalation until limited by side effects or until there is a 
plateau in the hemodynamic response. Notably, initiation of epo-
prostenol can lead to increased CO with LV strain, or isolated pul-
monary edema, with rapid clinical deterioration. Long-term dose 
requirements are highly variable among patients, and further dose 
increases are made on an outpatient setting on the basis of clini-
cal symptoms, exercise testing, and hemodynamic measurements. 
Common side effects include jaw pain, headache, diarrhea, flush-
ing, leg pain, nausea, and vomiting. Patients also tend to develop 
tachyphylaxis to epoprostenol over time.

Major limitations to use of epoprostenol include the need for 
permanent central venous access, with the associated small risk of 
catheter-related infection or air embolism, the capacity to handle 
the catheter and pump, and the high cost of the drug. Complexities 
of epoprostenol administration have led investigators to search for 
alternative agents.118

The prostacyclin analogs treprostinil (Remodulin), iloprost 
(Ventavis), and beraprost have been tested in 12-week placebo-
controlled trials.117 All these agents have demonstrated significant 
improvements in mean exercise capacity. Treprostinil (Remodulin, 
UT-15) has a longer half-life (≈4 hours) than epoprostenol and can 
be delivered intravenously or subcutaneously with a pump system 
similar to that used with subcutaneous insulin. Treprostinil does not 
require reconstitution or cold temperature. Pain at the site of sub-
cutaneous infusion is a frequent problem that requires cessation of 
the drug in 8% to 12% of patients. Iloprost is another chemically sta-
ble analog that can be given intravenously and by inhaled routes. 
Iloprost can be used in a nebulized form that must be inhaled 6 
to 9 times daily for a continuous effect. Beraprost is an oral ana-
log taken four times daily. Treprostinil and iloprost are approved for 
PAH therapy—treprostinil for functional class II-IV and iloprost for 
functional class II-IV.
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Treatment of Pulmonary Arterial Hypertension 
Associated with Specific Diseases
Current treatment guidelines do not distinguish between PAH sub-
groups in initial therapy recommendations, but most of the cited data 
supporting vasodilator therapies have originated from patient popula-
tions suffering from idiopathic PAH. Additionally, vasodilator therapy 
in PAH patients with collagen vascular diseases has been substantially 
studied with good evidence for benefit.119 As in idiopathic PAH, base-
line hemodynamic data do not predict a response to epoprostenol in 
PAH associated with scleroderma. The acute vasodilator response is 
present in an even smaller proportion of patients with collagen vascu-
lar diseases than with idiopathic PAH. Accordingly,  calcium channel 
blockers are not beneficial in this group of patients.120 Nonetheless, 
epoprostenol can be effective in improving symptoms, hemodynam-
ics, and survival. Skin lesions in patients with scleroderma may also 
improve substantially with this treatment.121 Case reports of success-
ful epoprostenol treatment of PAH in patients with SLE also exist, but 
treatment in this group has been complicated by severe thrombocy-
topenia. Patient outcomes with CREST/scleroderma have also been 
studied, with improved symptoms and hemodynamics after use of 
oral endothelin receptor antagonists.

Efficacy of such treatment in other PAH subgroups has been 
studied, but in smaller numbers of patients. Epoprostenol has 
been shown to improve functional capacity, oxygen saturation, and 
hemodynamics in a group of adults with Eisenmenger's syndrome 
who were suffering from NYHA class III and IV heart failure.122 Small 
numbers of adults with repaired or unrepaired congenital heart dis-
ease have also been included in clinical trials of endothelin recep-
tor blockers and PDE5 inhibitors; improvement in hemodynamics, 
exercise capacity, and symptoms have been demonstrated.123–125 
Epoprostenol has also been used successfully in patients with PAH 
secondary to HIV infection. In patients suffering from portopulmo-
nary hypertension, such treatment has facilitated successful liver 
transplantation.96 There are additional reports of improvement in 
PAH secondary to portopulmonary hypertension with the use of 
β-blockers and nitrates, which may also decrease the incidence of 
variceal bleeding. Yet, caveats to PAH treatment exist for this spe-
cial patient population. Anticoagulation in these patients is con-
troversial because of the risk of hemorrhage. Furthermore, the liver 
toxicity associated with bosentan and sitaxsentan make these 
unacceptable choices for patients with hepatic disease.

Disease Course, Prognosis,  
and Monitoring
Prior to the introduction of vasodilator therapies, median survival 
among patients diagnosed with PAH in the United States between 
1981 and 1985 was 2.8 years, with single-year survival rates of 68% at 
1 year, 48% at 3 years, and 34% at 5 years.2 Given such a bleak prog-
nosis, most patients were referred for lung transplantation at the 
time of diagnosis. With the advent of effective medical therapies to 
ameliorate disease, survival and quality of life have improved sub-
stantially. Currently, at the time of diagnosis, patients begin medical 
therapy with serial reassessments. Five-year survival among epopros-
tenol-treated patients is now 47% to 55%, with better than 70% 5-year 
survival among those improving to functional class I or II.126,127

After starting medical therapy, only a small subset of patients 
benefit from immediate hemodynamic improvement.96 Most, how-
ever, display a slow improvement in hemodynamics over several 
months, as evidenced by increases in 6-minute walk distance and 
reduced symptoms. These improvements typically peak around 12 
to 16 weeks of treatment and can be maintained for years, although 
significant variability and deterioration is not unexpected.

Frequent evaluations at 3-month intervals, with detailed evalu-
ation of PAP and RV function annually, are necessary to iden-
tify patients failing therapy and consider lung transplantation. 
Patients who develop signs or symptoms of right heart failure have 
much lower survival rates than those with only elevations of PAP. 

Evidence of poor prognosis after treatment include elevated right 
atrial pressure, low cardiac index, low mixed venous oxygen satu-
ration, continued functional class III/IV symptoms, poor exercise 
capacity, pericardial effusion, or elevated B-type natriuretic pep-
tide levels.100,126,128 In early NIH registry data, lower DLCO and pres-
ence of Raynaud phenomenon also portended a worse outcome.2 
Increased PAP itself may also predict worse outcomes when RV 
function is still relatively normal. Finally, failure to demonstrate 
improvements after treatment in symptoms, hemodynamics, and 
exercise capacity correlate with worse outcomes. In these cases, 
consideration for combination therapy, atrial septostomy, or lung 
transplantation should be pursued.

Management of Refractory Pulmonary 
Arterial Hypertension
Combination Therapy
Combination therapy using at least two separate classes of PAH 
medications has been advocated, based on the potential for addi-
tive or synergistic effects. Improvement in hemodynamics, exer-
cise capacity, and symptoms over 12- to 16-week periods have 
been reported in nonresponders who failed standard drug regi-
mens.129 Typically, improvement in 6-minute walk distance is mod-
est (20-26 meters) compared to initial response to monotherapy. 
A single long-term but uncontrolled trial studying protocol-driven 
combination therapy for patients failing to achieve exercise test 
goals while on monotherapy reported good survival rates (93%, 
83%, and 80% at 1, 2, and 3 years) that are better than historical 
controls on monotherapy.130 More rigorous and better controlled 
long-term studies comparing rates of survival and morbidity indi-
ces are ongoing. Currently, combination therapy can be consid-
ered for patients with signs of right heart failure, 6-minute walk 
distance less than 380 meters, and persistent functional class 
III-IV symptoms despite monotherapy for more than 6 months.

Atrial Septostomy
The rationale for surgical creation of an interatrial orifice to improve 
survival is based on the observation that survival in PAH depends 
critically upon RV function, and relieving stress on the RV theoreti-
cally improves PAH in general.131 For example, PAH patients with 
a patent foramen ovale or Eisenmenger's syndrome tend to carry 
better cardiac function and survive longer compared with patients 
without intracardiac defects. A review of 64 cases who under-
went atrial septostomy prior to contemporary treatment regimens 
reported improved clinical status in 47 of 50 patients. Median sur-
vival of the 54 patients who survived the procedure was 19.5 months 
(range, 2-96 months), which represents an improvement compared 
to treatments available before epoprostenol. However, because of 
the improved efficacy of currently available vasodilators, atrial sep-
tostomy is only considered as a palliative procedure for patients 
with severe PAH and clinical deterioration despite maximal med-
ical therapy, or as a bridge to transplantation. It should only be 
attempted in centers with experience in the procedure.

Lung Transplantation
Before the introduction of epoprostenol, transplantation was the 
treatment of choice for severe PAH. It is still the last option in treat-
ing severe PAH and the only available cure.132 Patients with per-
sistent functional class III or IV symptoms, right atrial pressure 
above 15 mmHg, or cardiac index below 2 L/min/m2 should be 
considered for lung transplantation. Hemodynamic responses to a 
3-month epoprostenol infusion may also aid in identifying a subset 
of PAH patients who might benefit from being considered earlier 
for lung transplantation. Poor survival has been noted in patients 
with NYHA functional classes III and IV who remained in that class 
or failed to achieve a 30% decrease in PVR after 3 months on con-
tinuous IV epoprostenol.
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Heart-lung and single- and double-lung transplantations have 
been successfully performed in patients with PAH. Lung trans-
plantation alone has demonstrated that severe RV dysfunction is 
reversible, indicating that heart transplantation is not necessary 
unless the patient has cardiac disease unrelated to PH. Availability 
of single-lung transplantation is greater, considering the scarcity of 
donor organs, but there are disadvantages in marked ventilation/
perfusion mismatching and potential for injury. There may be less 
functional recovery and higher graft-related complications with 
single-lung transplant. There may be a slightly higher long-term sur-
vival rate with double-lung transplantation.

Survival in the early postoperative period is lower for PAH 
patients than other patients undergoing lung transplantation. 
However, long-term outcome in patients with PAH is similar to gen-
eral transplantation patients.133 Survival rates at 1, 3, and 5 years after 
transplantation have been reported as 65%, 55%, and 44%, respec-
tively. Pulmonary arterial hypertension has not been reported to 
recur after transplantation, although a careful examination of those 
with genetic predisposition has not been performed.

Previously, patients with collagen vascular disease were excluded 
from transplantation, but they have recently demonstrated survival 
rates similar to those of other patient groups. Transplantation can 
be considered for collagen vascular disease patients in whom 
extrapulmonary manifestations are not severe. Because of the high 

intraoperative and perioperative risks, liver transplantation has gen-
erally not been offered to patients with portopulmonary hyperten-
sion. Pulmonary hemodynamics have been reported to improve 
with liver transplantation, however, and the risk of mortality at sur-
gery is minimal if the mean PAP is less than 35 mmHg. If the PAP is 
greater than 35 mmHg, pretransplantation management with epo-
prostenol may decrease mortality risk, and it has been used as a 
bridge to transplantation.

Experimental Therapies
In addition to the more established therapies for PAH, additional 
intriguing yet still developing therapeutic approaches are under inves-
tigation (Table 56-2). Unlike current medical therapies that at best 
ameliorate disease, there is optimism that regression of pulmonary 
vascular remodeling and cure for PAH is possible with these evolving 
treatment paradigms.

ALTERNATIVE NITRIC OXIDE–BASED THERAPY

In addition to PDE5 inhibitors, a number of therapeutic approaches 
designed to improve NO production, release, and activity in the pul-
monary vasculature are under investigation. Inhaled NO gas has 
been successfully used to decrease PAP and improve oxygenation 
and hemodynamics in diverse forms of PAH. However, long-term 

TARGET GOAL DRUG

L-type Ca2+ channels Decrease SMC Ca2+ L-type Ca2+ channel blockers

Coagulation cascade Decrease thrombosis Warfarin

Prostacyclin receptors Increase cAMP Epoprostenol

Endothelin receptors A and B Inhibit constriction and proliferation Bosentan

Endothelin receptor A Inhibit constriction and proliferation Sitaxsentan

PDE5 inhibitors Increase cGMP Sildenafil

Guanylate cyclase activators Increase cGMP iNO

Novel Targets
Rho kinase Decrease Ca2+ sensitivity in SMCs Rho kinase inhibitors: fasudil

Rho A prenylation Decrease Ca2+ sensitivity in SMCs Statins

Serine elastases Decrease MMP activation Elastase inhibitors

Kinase-associated receptors Inhibit PDGF or EGF activity Tyrosine kinase inhibitors

PDF kinase Normalize mitochondrial function Dichloroacetate

NFAT Decrease antiapoptotic bcl-2; slow 
proliferation

Cyclosporine A

Immune system Immunosuppression Mycophenolate mofetil

Survivin Inhibits antiapoptotic effect of survivin Transfection of dominant negative

Guanylate cyclase Increase cGMP Direct sGC activators (e.g., Riociguat [BAY 63-2521]- DHEA)

COX Inhibit TxA
2

Aspirin

Ornithine decarboxylase Inhibit polyamine synthesis α-Difluoromethylornithine

CDKI γ27 Inhibit SMC proliferation Heparin

PPAR-γ Increase PPAR-γ activity Rosiglitazone

Angiopoietin and TIE2 Inhibit SMC proliferation Adenoviral gene transfection

Serotonin transporter Inhibit SMC proliferation SSRI

VPAC 1 and 2 receptors Inhibit SMC proliferation VIP, inhaled

Adrenomedullin receptors Inhibit SMC proliferation, vasodilation Adrenomedullin

BMPR2 Enhance BMPR2 signaling Adenoviral transfection and/or enhancing receptor  
trafficking to membrane

eNOS Increase cGMP and NO signaling eNOS-transfected EPCs

eNOS Increase cGMP and NO signaling VEGF-transfected fibroblasts

TABLE 56-2  Established and Experimental Therapies in Pulmonary Arterial Hypertension
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NO therapy is cumbersome, necessitates continuous inhalation, 
and must be monitored carefully to avoid toxicity with nitrogen 
oxides and methemoglobin. Alternative strategies to deliver NO 
include the use of NONOates, compounds that release predictable 
levels of NO when exposed to physiological pH. Such compounds 
have been used by daily nebulization in rodent PAH models, with 
reduction of PAP without systemic hypotension.134

Another avenue of increasing NO levels in PAH relies upon 
enhancing NOS activity. Tetrahydrobiopterin (BH4) is an important 
NOS cofactor that enzymatically links oxygenation of l-arginine to 
create NO and l-citrulline. BH4 levels may be decreased in PAH 
patients, so administration of BH4 in its synthetic form (saprop-
terin) may hold promise in PAH to increase NOS activity and NO 
levels in the pulmonary vasculature.3

Finally, NO-independent sGC activators have been developed 
for PAH patients.44 Both heme- dependent (BAY 41-2272) and 
heme-independent (BAY 58-2667 and HMR-1766) sGC activators 
exist.135 BAY 41-2272 stimulates sGC directly and sensitizes sGC to 
NO, resulting in synergism. It improves pulmonary hemodynam-
ics in models of PH. NO-independent sGC activators appear to 
provide an additive rather than synergistic effect when combined 
with NO donors. Both BAY 41-2272 and BAY 58-2667 ameliorate 
PAH in rodent models, yet this benefit is partially dependent on 
endogenous NOS activity. BAY 63-2521 is an oral agent, has a favor-
able safety profile, and is currently under phase III clinical study 
in PAH. Interestingly, dehydroepiandrosterone (DHEA), an endog-
enous steroid, also increases sGC expression, activates vasodila-
tory  calcium-sensitive potassium channels (BKCa) in vascular 
smooth muscle, and inhibits hypoxic PH in rats.136 More data are 
necessary before testing in human trials.

SEROTONIN AND SEROTONIN TRANSPORTER 
INHIBITORS

Terguride is a potent antagonist of 5-hydroxytryptamine receptors 
and is currently in a phase II study for PAH patients.3 It has already 
received orphan drug status in Europe. PRX-08066 is a selective 
5-hydroxytryptamine 2B receptor antagonist that inhibits hypoxia-
mediated increases in PAP in humans and is also under phase II 
trial study. Given the importance of SERT in the biology of serotonin 
signaling, synergistic inhibition of both SERT and serotonin recep-
tors may represent a potent future strategy for therapeutic benefit.

BMPR2-TARGETED THERAPIES

Recent advances linking BMPR2 haploinsufficiency to PAH sug-
gests that enhancing BMPR2 expression or activity may benefit 
or reverse PAH progression. Gene replacement therapy has been 
proposed but has yet to show success in animal models. It has 
also been found that some mutant forms of BMPR2 in PAH result 
in impaired trafficking to the cell surface rather than decreased 
expression.137 In that case, medications that improve protein traf-
ficking (e.g., sodium 4-phenybutyrate as used in cystic fibrosis) 
may be useful; however, it remains uncertain how much mutant 
BMPR2 must reach the cell membrane to result in a relevant effect 
in vivo. Finally, dysfunction of BMPR2 can lead to increased sig-
naling via other TGF receptor superfamily members such as the 
TGF-β/activin receptor-like kinase 5. Notably, SB525334, an inhibitor 
of TGF-β/activin receptor-like kinase 5, reverses PAH and RVH in a 
rodent model and may have therapeutic benefit.138

TYROSINE KINASE INHIBITORS

Initial experience with the tyrosine kinase inhibitor imatinib and 
the “multikinase inhibitor” sorafenib in PAH patients have been 
encouraging but results are still preliminary. In humans, there are 
case reports of beneficial effects in adding imatinib to conven-
tional therapy.79 Sorafenib reverses PAH and RV remodeling in 
monocrotaline-treated rats.80 Phase I clinical trials studying both 
medications have been performed recently.

RHO KINASE INHIBITORS

Rho kinase inhibitors (i.e., Y-27632, fasudil) have been developed 
for study in the PAH population.139 These medications reduce PAP 
in multiple rodent models of PAH. In humans, fasudil induces 
modest but immediate reductions in PVR. However, a common 
adverse side effect includes systemic vasodilation and hypoten-
sion. Alternative delivery options such as inhaled or nebulized for-
mulations may allow circumvention of this side effect.

Interestingly, one of the pleiotropic effects of HMG CoA reduc-
tase inhibitors (statins) includes inhibition of rho kinase activity. In 
some rodent studies, simvastatin reduces PAH and demonstrates 
a significant improvement in survival140,141; however, these ben-
eficial effects have not been replicated in all rodent models.142 
Nonetheless, several statin trails in human PAH are underway.

MISCELLANEOUS PATHWAYS

Therapeutic targets in several additional pathogenic pathways 
have been studied to varying degrees. Inhaled adrenomedullin 
modestly reduces PVR and increases peak oxygen consumption 
during exercise in humans with PAH.143 Nebulized VIP improves 
pulmonary hemodynamics in PAH to a larger degree, and if con-
tinued for 3 months, reduces PVR and improves 6-minute walk 
distance56; however, VIP is susceptible to rapid degradation. A 
sustained-release liposomal VIP preparation is currently under 
development. Heparins and inhibitors of angiopoietin 1, STAT3, 
polyamines, survivin, and the cell cycle have also been proposed 
for therapeutic benefit, but with varying degrees of success.3

ENDOTHELIAL PROGENITOR CELLS

Progenitor cell infusion represents a potentially powerful, but 
currently nebulous, therapeutic possibility. Specifically, endothe-
lial progenitor cells (EPCs) arise from mesodermal stem cells or 
hemangioblasts in the bone marrow. From there, they are released 
and circulate in blood until they engraft into sites of ischemia or 
injury, leading to angiogenesis and revascularization. Circulating 
EPCs (defined by CD34+/KDR+ and CD34+/CD133+/KDR+ cells) 
are lower in patients with Eisenmenger's syndrome.144 Some 
reports have indicated reduced levels of EPCs in idiopathic PAH 
patients.145 Furthermore, the functions of EPCs in cell culture (i.e., 
colony forming activity, adherence, migration, apoptotic potential) 
differ from those isolated from PAH patients as compared with nor-
mal controls.144–146 Administration of EPCs in rats has resulted in 
improvement in pulmonary hemodynamics, vascular remodeling, 
and survival in models of PAH.147 Additionally, two small studies in 
which adults148 and children149 with idiopathic PAH were given a 
single infusion of autologous mononuclear cells provides support 
for the therapeutic potential of such therapy. A therapeutic trial has 
begun to assess the safety of administering such cells in patients 
with PAH.

Much still remains unclear regarding regenerative cell-based 
therapy. Differences in markers used to identify EPCs have compli-
cated interpretation of results. The complex biology of EPCs upon 
engraftment has not been delineated and may carry detrimental 
consequences in certain clinical contexts. Previously reported 
beneficial effects of progenitor cells may very likely result from 
paracrine effects of secreted factors, rather than true engraftment 
and transdifferentiation to healthy endothelium. In addition, some 
investigators argue that EPCs promote development of plexogenic 
lesions, suggesting that their use may worsen end-stage disease. 
Caution is certainly warranted before such a therapeutic avenue 
can be pursued on a large scale.

Conclusions
Pulmonary arterial hypertension is a clinical syndrome of vascular 
disease with a stereotyped pattern of histopathology and is related 
to a variety of secondary disease states. It has become increasingly 
clear that development of PAH entails a complex multifactorial  
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pathophysiology. Although genetic mutations, exogenous expo-
sures, and acquired disease states can predispose to PAH, no one 
factor identified thus far is sufficient alone to fully drive the patho-
genic process. Similar to carcinogenesis, in which a susceptible 
person with a specific genetic mutation requires additional inju-
ries to manifest disease, a “multiple-hit” hypothesis has emerged 
to explain progression to clinical PAH (Fig. 56-8). More delineated 
mechanisms of disease have focused on the end-stage condi-
tion and the effects of the imbalance of multiple vascular effec-
tors. Some unifying mechanisms of disease have become more 
apparent, linking regulation of these effectors into a more cohe-
sive model. As a result, effective therapeutic approaches have been 
developed to ameliorate disease and improve survival.

Nonetheless, our understanding of these complex cellular pro-
cesses is incomplete. In part, this fact stems from the great complex-
ity of overlapping pathogenic mechanisms that drive this unique 
disease. In the postgenomic era, it is conceivable that complex 
clinical syndromes such as PAH can be redefined based on grow-
ing genomic, transcriptional, and proteomic data. A systems-based 
network analysis may therefore be helpful in identifying common 
overarching pathways of pathogenesis and aid understanding of 
the genetic and mechanistic links among primary disease triggers 
and end-stage disease.

Additionally, a challenge of research in PAH is lack of a small 
animal model that can be followed and genetically manipulated 
from initiation through progression to severe disease. There has 
been some success in physiological study of PAH in larger mam-
mals, but identification of contributors in the molecular process 
of pulmonary remodeling has been difficult, owing to incomplete 
genetic data and tools specific for these models.150,151 Conversely, 
although genetic and molecular studies in the mouse are more 
tractable, induction of significant PAH in murine models has been 
challenging. Nonetheless, recent advances have hinted at the possi-
bility of more tractable animal models of PAH, which would be use-
ful for combining genetic study and pathophysiological exposures.

Finally, with decreasing numbers of PAH patients undergoing 
transplantation, the ability for the researcher to obtain human PAH 
tissue for molecular analysis via traditional routes is dwindling. 
Nonetheless, with advances in fields such as pulmonary artery 
catheterization, inducible stem cell biology and others, the intri-
cate molecular study of even complex human diseased tissue such 
as in PAH may be much more feasible in the coming years. The 
next decade of research will hopefully lead to vast improvements 
in disease prevention for at-risk individuals, diagnosis of disease at 
earlier time points, and perhaps identification of therapeutic tar-
gets useful for regression of the pathogenic process itself.
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C H A P T E R  57  Pulmonary Hypertension  
in Non-Pulmonary Arterial 
Hypertension Patients
Bradley A. Maron, Joseph Loscalzo

Overview of Pulmonary Hypertension
Definition and Nomenclature
Pulmonary hypertension (PH) is defined as a sustained mean pul-
monary arterial blood pressure above 25 mmHg and pulmonary 
vascular resistance (PVR) of above 3 Wood units (240 dyne/s/
cm−5) at rest in the setting of a pulmonary capillary wedge pres-
sure (PCWP) less than 15 mmHg.1 Pulmonary hypertension is a 
clinical syndrome typically characterized by hypoxemia, dimin-
ished exercise capacity, and dyspnea. In the vast majority of 
patients, PH develops as a consequence of hypoxic pulmonary 
vasoconstriction, vascular congestion, or impedance to pulmo-
nary blood flow in the setting of primary lung, cardiac, or pulmo-
nary vascular thromboembolic disease.

In contrast, mean pulmonary arterial hypertension (mPAH), a 
rare form of PH, results from an interplay between genetic and 
molecular factors that promotes pulmonary vascular endothelial 
dysfunction, vascular smooth muscle cell (VSMC) hypertrophy, 
and negative remodeling of small- and medium-sized pulmonary 
arteries in the absence of other cardiopulmonary disease.2 In PAH, 
pulmonary artery pressure (PAP) is often over 40 mmHg and may 
reach suprasystemic levels in severe cases; however, this occurs 
uncommonly in PH from non-PAH etiologies.3 Thus, PH and PAH 
are distinct pathophysiological entities, and although clinical signs 
and symptoms often overlap between these conditions, the terms 
are not synonymous.1

The contemporary PH classification system was created by an 
international panel of world experts at the 4th World Symposium 
on PH in 2008 (Dana Point, California) and broadly divides PH 
patients into two groups: those with PAH or PAH-associated condi-
tions (i.e., formerly primary pulmonary hypertension) and PH that 
occurs in the setting of another cardiopulmonary disease (i.e., for-
merly secondary pulmonary hypertension).4

Chapter 56 is devoted to a discussion of PAH and PAH-associated 
conditions, whereas the current chapter provides an overview of 
the pathophysiology and treatment of disorders associated with 
secondary forms of PH. Specifically, this chapter will review pri-
mary diseases that modulate PH by causing (1) pulmonary venous 
hypertension, (2) chronic hypoxemia, (3) pulmonary thromboem-
bolism, and (4) mechanical disruption to the normal pulmonary 
vasculature (i.e., World Health Organization [WHO] PH classifi-
cation groups 2-5; Box 57-1).5 In clinical practice and throughout 
the published literature, the designation nonpulmonary arterial 
 hypertension pulmonary hypertension is often invoked to describe 
these patients.

Epidemiology, Diagnosis, and Natural History
The prevalence of PH in the general population is not well estab-
lished, and PH incidence varies substantially according to pri-
mary disease subtype. A recent report of 455 patients with an 
elevated left ventricular (LV) end-diastolic pressure (but without 
left-sided valvular disease) observed that over half had comorbid 
PH,6 whereas PH is present in more than 90% of selected chronic 
obstructive pulmonary disease (COPD) patients.7,8 Rates of PH 
vary significantly within a specific primary disease subpopulation 
as well. For example, Handa et al. reported a 5% PH prevalence rate 

in one cohort of asymptomatic or mildly symptomatic sarcoidosis 
patients despite abnormal chest radiography, restrictive pattern on 
pulmonary function testing (PF  T), and decreased peripheral oxy-
gen saturation levels. If persistent dyspnea is present in sarcoidosis, 
however, PH prevalence rates increase to over 50%.9,10

The likelihood of developing clinically evident PH is often tightly 
linked to comorbid cardiac or lung disease characteristics. For 
example, symptomatic PH due to impaired LV diastolic function 
from chronic systemic hypertension is an indolent process that 
progresses with respect to decline in myocardial compliance.11 
In contrast, severe PH from acute altitude sickness occurs via sud-
den hypoxia-mediated pulmonary microvascular vasoconstriction 
and hyperemia, which may occur independently of pulmonary 
reserve.12

Pulmonary hypertension prognosis, treatment choice, and clini-
cal response to therapy are strongly associated with PH disease 
subtype. At present, goal-directed medical therapy for restoration 
of pulmonary microvascular function with calcium channel block-
ers, endothelin receptor antagonists (ERAs), inhaled nitric oxide 
(iNO),  selective phosphodiesterase type 5 (PDE5) inhibition, or 
prostanoid replacement therapy is approved by the U.S. Food and 
Drug Administration (FDA) for use only in PAH patients. As is dis-
cussed in greater detail later, conclusions from small clinical trials 
have demonstrated a favorable effect of various PAH therapies on 
pulmonary hemodynamics and exercise tolerance in some WHO 
Class 2 thorough 5 conditions,13 but inappropriate administration 
of advanced PAH therapies to non-PAH patients with PH is likely 
to be ineffective and possibly harmful.1,6 Therefore, the emphasis 
of contemporary diagnostic algorithms is on discrimination of 
PAH from non-PAH patients1 (Fig. 57-1A). Comprehensive clini-
cal, radiographic, serological, echocardiographic, and/or invasive 
hemodynamic testing is often necessary to confirm the absence 
of disease states that predispose to PH prior to making the diag-
nosis of PAH7 (Fig. 57-1B).

Pulmonary hypertension is underrecognized in clinical  practice.14 
Initiation of diagnostic testing for PH therefore requires a low index of 
clinical suspicion among practitioners who must recognize clues that 
suggest PH pathophysiology, such as familial or genetic risk factors 
for PAH, or comorbid conditions known to promote elevations in PAP.

Pulmonary Venous Hypertension
Pathophysiology of Pulmonary Hypertension 
due to Left-Sided Heart Disease
ACUTE LEFT HEART FAILURE

Among the most common causes of PH is left-sided cardiac dis-
ease from LV systolic or diastolic dysfunction, or left-sided  valvular 
disease (Table 57-1). In nonvalvular forms of left-sided heart  
disease, increased LV end-diastolic filling pressure is  transmitted 
retrograde to the pulmonary venous and arterial circulatory beds. 
Acute changes to normal LV pressure-volume hemodynamics, 
such as occurs during an acute myocardial infarction (MI) or as a 
consequence of mitral valve leaflet rupture, predispose to sudden 
and dramatic increases in left atrial pressure and PAP15 (Fig. 57-2). 
Owing to the noncompacted, thin-walled architecture of the right 
ventricle (RV), acute pressure loading is poorly tolerated and 
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results in RV systolic dysfunction, a major determinant of outcome 
in PH.16 Acute increases in PAP results in a congestive vasculopa-
thy characterized by decreased pulmonary arteriolar compliance 
and loss of normal autoregulation of pulmonary vasomotor tone.17 
These pathophysiological changes are generally reversible with 
pharmacotherapies that promote pulmonary vasodilation, reduce 
cardiac preload (e.g., nitric oxide [NO] donors), or directly allevi-
ate pulmonary vascular congestion (e.g., loop diuretics).

CHRONIC NONVALVULAR LEFT-SIDED HEART FAILURE

In addition to passive pulmonary vascular congestion, circulat-
ing levels of the vasoactive peptide endothelin-1 (ET-1) positively 
correlate with PH severity in chronic left-sided heart failure.18 
Pathophysiological concentrations of ET-1 disrupt normal vaso-
motor tone via activation of ETA/B receptors on VSMCs that 
increases intracellular [Ca+2]i levels. Endothelin-1 also promotes 
release of catecholamines (e.g., norepinephrine).19,20 Together, 
these processes are linked to VSMC contraction and in PH off-
set vasodilatory cell signaling pathways, resulting in pulmonary 
VSMC vasoconstriction.

Chronically elevated pulmonary venous pressure induces a cel-
lular environment in pulmonary arterioles characterized by inflam-
mation and increased levels of reactive oxygen species (ROS) 
generation. Over time, these maladaptive molecular processes are 
implicated in the development of irreversible pathological changes 
to normal pulmonary blood vessel architecture, including inti-
mal fibrosis and VSMC hypertrophy and proliferation. Chronic RV 
pressure overload is also linked to the propagation of worsening 
left-heart failure by promoting abnormal changes in RV chamber 
deformation that adversely influences LV geometry.21

Diagnosis, Treatment, and Natural History
The diagnosis of PH from left-sided heart failure is often evident 
on clinical grounds alone. Complaints of decreased exercise toler-
ance, dyspnea, and lower-extremity edema are common in PH but 
do not necessarily discriminate right- from left-sided congestive 
heart failure. Therefore, echocardiography is used to estimate PA 
systolic pressure and evaluate RV size and function. Invasive hemo-
dynamic monitoring with right heart catheterization confirms the 
diagnosis of PH and excludes alternate etiologies of PH-like symp-
toms, such as constrictive pericardial disease, in which PVR is usu-
ally normal.

Pulmonary artery pressure, PVR, and RV systolic function are 
independent predictors of outcome in patients with chronic left-
sided heart failure. In one study of 377 patients undergoing right 
heart catheterization with low LV ejection fraction and a history of 
congestive heart failure, mean pulmonary artery pressure (mPAP) 
over 29 mmHg portended about a threefold higher 36-month mor-
tality rate (irrespective of RV function) compared to patients with 
normal mPAP. 22 Interpretation of pulmonary hemodynamics, how-
ever, must occur according to an individual patient's specific clini-
cal scenario. Although typically, PAP positively correlates with PH 
severity in chronic left-sided heart failure, this is not always the 
case. Since the generation of PAP is dependent on RV systolic func-
tion, abnormally low PAP may be observed in severe PH with RV 
failure. In this scenario, left-sided heart failure–mediated pulmo-
nary vascular congestion results in an increased PVR even if PAP 
is normal or low.18 Pulmonary hemodynamic indices commonly 
used in clinical practice are provided in Table 57-2.

Conventional heart failure pharmacotherapy is the cornerstone 
treatment strategy for PH from nonvalvular left-sided  cardiac dis-
ease. Angiotensin-converting enzyme (ACE) inhibitors, β-adrenergic 
receptor antagonists, loop diuretics, and vasodilators (e.g., hydrala-
zine) often effectively decrease PVR and PAP, thereby promoting 
favorable responses in RV systolic function. A subset of chronic 
left-sided heart failure patients tends to exhibit a degree of PH 
that seems clinically and hemodynamically out of proportion to 
the severity of LV dysfunction, raising suspicion that alternative 
 processes beyond passive vascular congestion alone are in play.1,7 
Overall, sufficiently powered randomized clinical trials evaluating 
the effect of iNO, prostacyclin replacement, and ERAs for PH due 
to chronic left-sided heart failure have either failed to demonstrate 
a beneficial effect on pulmonary vascular hemodynamics or did 
so, but at the cost of significant adverse clinical events, including 
increased early mortality in one large trial of intravenous epopros-
tenol.23 Sildenafil, which promotes vasodilation by inhibiting PDE5 
in lung VSMCs that consume cyclic guanosine monophosphate 
(cGMP), appears to decrease PAP and PVR safely without com-
promising cardiac output13 (Fig. 57-3). The effect of sildenafil on 
 long-term outcome and survival in chronic heart failure patients 
is not yet known.

Pulmonary Hypertension due to Left-Sided 
Valvular Disease
Pulmonary hypertension due to left-sided valvular disease most 
often occurs as a consequence of mitral regurgitation (MR) or 
mitral stenosis and less commonly from severe aortic regurgita-
tion. In aortic stenosis, initial pressure loading–induced LV hyper-
trophy is protective against PH. However, in decompensated aortic 
stenosis, LV cavitary dilation due to volume overload is associ-
ated with progressive PH.24 The final common pathway in the 
pathophysiology of PH, irrespective of valve lesion, is pulmonary 
venous hypertension. In only MR, however, PH is a key determi-
nate for the timing of surgical valve therapy. The American College 
of Cardiology/American Heart Association (ACC/AHA) guidelines 
recommend mitral valve surgery (class IIa, level of evidence C) 
in asymptomatic patients with severe MR, preserved LV function, 
and PH (systolic PAP >50 mmHg).25 Magne et al. reported that in a 
cohort of 78 asymptomatic patients with at least moderate MR from 

Box 57-1 Clinical Classification of Pulmonary 
Hypertension by Etiology*

1. Pulmonary arterial hypertension (PAH)
1.1 Idiopathic pulmonary arterial hypertension (IPAH)
1.2 Familial pulmonary arterial hypertension (FPAH)
1.3 PAH-associated diseases

1.3.1 Collagen vascular disease
1.3.2 Congenital systemic-to-pulmonary shunts
1.3.3 Portal hypertension
1.3.4 Human immunodeficiency virus (HIV) infection
1.3.5 Drug and toxins (e.g., anorexogenins)
1.3.6 Others (e.g., hereditary hemorrhagic telangiectasia, glycogen 
storage diseases)

1.4 Associated with primary pulmonary venous or capillary involvement
1.4.1 Pulmonary veno-occlusive disease (PVOD)
1.4.2 Pulmonary capillary hemangiomatosis

1.5 Persistent pulmonary hypertension of the newborn (PPHN)
2. Pulmonary hypertension (PH) with left heart disease

2.1 Left-sided atrial or ventricular heart disease
2.2 Left-sided valvular disease

3. PH associated with lung disease and/or hypoxemia
3.1 Chronic obstructive pulmonary disease (COPD)
3.2 Interstitial lung disease (ILD)
3.3 Sleep-disordered breathing (SDB)
3.4 Alveolar hypoventilation disorders
3.5 Chronic exposure to high altitude (HA)
3.6 Developmental abnormalities

4. PH due to chronic thrombotic and/or embolic disease
4.1 Thromboembolic obstruction of proximal pulmonary arteries 
(chronic thromboembolic pulmonary hypertension [CTEPH])
4.2 Thromboembolic obstruction of distal pulmonary arteries (CTEPH)
4.3 Nonthrombotic pulmonary embolism (PE) (e.g., parasites, foreign 
body)

5. Miscellaneous causes of PH (sarcoidosis, malignancy, fibrosing 
mediastinitis, Takayasu's arteritis, iatrogenic)

Adapted from Simonneau G, Robbins IM, Beghetti M, et al: Updated clinical classification of 
pulmonary hypertension. J Am Coll Cardiol 54(1 Suppl):S43–S54, 2009.

* Diseases in groups 2 to 5 are reviewed in the current chapter.
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FIGURE 57-1 Pulmonary hypertension (PH) diagnostic algorithm. A, Low clinical index of suspicion initiates clinical evaluation for PH. Primary test results 
aid the clinician in establishing the diagnosis of PH and determining the most likely PH classification. Secondary tests are based on results from primary tests and 
provide additional information for determination of PH etiology. B, One possible diagnostic algorithm for discriminating pulmonary arterial hypertension (PAH) 
vs. PH from primary left-heart disease. ABG, arterial blood gas; ANA, antinuclear antibody; CT, computed tomography; CXR, chest x-ray; DD, diastolic dysfunction; 
ECG, electrocardiogram; ECHO, echocardiogram; HIV, human immunodeficiency virus; LV, left ventricle; LVEF, left ventricular ejection fraction; NO, nitric oxide; PASP, 
pulmonary artery systolic pressure; PCWP, pulmonary capillary wedge pressure; PE, pulmonary embolism; PFT, pulmonary function test; PVR, pulmonary vascular 
resistance; RHC, right heart catheterization; RV, right ventricle; RVSP, right ventricular systolic pressure; SLE, systemic lupus erythematosus; TEE, transesophageal 
echocardiogram; V/Q, ventilation/perfusion; WU, Wood units. (A adapted from McLaughlin VV, Archer SL, Badesch DB, et al: ACCF/AHA 2009 expert consensus document 
on pulmonary hypertension: a report of the American College of Cardiology Foundation Task Force on Expert Consensus Documents and the American Heart Association: 
developed in collaboration with the American College of Chest Physicians, American Thoracic Society, Inc., and the Pulmonary Hypertension Association. J Am Coll 
Cardiol 53:1573–1619, 2009. B adapted from Hoeper MM, Barbera JA, Channick RN, et al: Diagnosis, assessment, and treatment of non-pulmonary arterial hypertension 
pulmonary hypertension. J Am Coll Cardiol 54[1 Suppl]:S85–S96, 2009.)
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 degenerative mitral valve disease, resting PH (systolic PAP >60 mmHg) 
and  exercise-induced PH were associated with a significantly lower 
2-year symptom free survival rate (36 ± 14% vs. 59 ± 7% and 35 ± 8% 
vs. 75 ± 7%, respectively). Exercise-induced PH (particularly when 
systolic PAP >56 mmHg) was also an independent risk factor for 
development of symptoms.26 These data support exercise-induced 
PH as one potentially useful clinical marker for estimating the  
timing of surgical intervention for MR.

Considerations for Cardiac Surgery,  
Orthotopic Heart Transplantation,  
and Heart-Lung Transplantation  
in the Pulmonary Hypertension Patient
In contrast to select end-stage PAH patients for whom bilateral 
lung transplantation may be indicated, severe preoperative PH in 
non-PAH patients is associated with an increased rate of adverse 

 outcome in cardiac surgery patients who require cardiopulmo-
nary bypass (CPB).27 In the case of orthotopic heart transplant can-
didates, a transpulmonary gradient greater than 15 mmHg or PVR 
greater than 5 Wood units that is unchanged despite preoperative 
NO donor or selective PDE5 inhibitor pharmacotherapy is an abso-
lute contraindication to surgery, owing to high rates of premature 
graft failure and early mortality.28

Pulmonary hypertension reversibility in response to pulmo-
nary vasodilator therapy appears to improve 30-day posttrans-
plant mortality rates compared to patients with fixed PH.29 
Although universally accepted pulmonary hemodynamic 
thresholds do not exist, a target PVR of less than 2.5 Wood units 
or transpulmonary gradient less than 12 mmHg is often used in 
clinical practice to define preoperative optimization for CPB-
requiring surgery. For patients with fixed PH requiring cardiac 
transplantation, left ventricular assist device (LVAD) therapy 
may improve operative candidacy. Zimpfer and colleagues 
reported that in 35 consecutive cardiac transplant candidates 
with fixed PH receiving LVAD therapy, PVR decreased from 5.1 
Wood units at baseline to 3.2 Wood units 3 days following device 
implantation, an effect sustained over 6 weeks.30 Larger clini-
cal trials are necessary to determine the complete risk/benefit 
profile (including financial costs) of LVAD implantation under 
these circumstances. The role of right ventricular assist device 
(RVAD) therapy in improving PH is unknown.

CLINICAL FEATURE MECHANISM

Chronic systemic 
hypertension

↑ Left ventricular (LV) afterload → LV hypertrophy 
→ ↓ LV compliance → ↑ LV end-diastolic filling 
pressure → pulmonary venous hypertension

Diabetes mellitus Intramyocardial microcirculatory and epicardial 
coronary vascular dysfunction → LV systolic 
or diastolic dysfunction → pulmonary venous 
hypertension

Coronary artery  
disease (CAD)

Myocardial ischemia → LV systolic or diastolic 
 dysfunction → pulmonary venous hypertension

Atrial fibrillation Loss of “atrial kick” → ↑ left atrial and pulmonary 
venous congestion

Impaired diastolic 
function

↑ End-diastolic filling pressure secondary to 
 restrictive, infiltrative, or genetic cardiomyopathy 
→ pulmonary venous hypertension

Mitral stenosis ↑ Transmitral valve pressure ± atrial fibrillation → ↑ 
pulmonary venous hypertension

Mitral regurgitation 
(MR)

Chronic LV volume overload → LV cavitary 
 dilation → ↑ LV end-diastolic filling pressure → 
 pulmonary venous hypertension

With elevated mitral regurgitant fraction, pulmo-
nary artery pressure (PAP) is elevated secondary 
to pulmonary circulatory volume and pressure 
overload, particularly during exercise

Aortic insufficiency Chronic LV volume overload → LV cavitary dila-
tion → ↑ LV end-diastolic filling pressure → 
 pulmonary venous hypertension

TABLE 57-1   Cardiovascular Diseases That Predispose to 
Pulmonary Hypertension

LV Pressure
LV Pressure

LA Pressure

LA Pressure

100 mmHg

50 mmHg

FIGURE 57-2 Effect of acute 
mitral regurgitation (MR) on left 
atrial pressure. Intraprocedural 
hemodynamic tracing obtained during 
mitral balloon valvotomy captures 
dramatic increase in mean left atrial 
(LA) pressure from 20 to 48 mmHg 
due to acute mitral insufficiency. 
Sudden changes in LA or pulmonary 
pressure are poorly tolerated by 
right ventricle and may induce cor 
pulmonale. LV, left ventricle. (Adapted 
from Ha JW, Chung N, Chang BC, et al: 
Acute mitral regurgitation due to leaflet 
tear after balloon valvotomy. Circulation 
98:2095–2097, 1998.)

MEASUREMENT EQUATION NORMAL RANGE

Mean RA 
BP

Directly measured  
(PA catheter)

0-8 mmHg

Pulmonary artery (PA) 
BP

Directly measured  
(PA catheter)

Systolic (PASP): 
15-25 mmHg

Diastolic (PADP): 
4-12 mmHg

mPAP 10-20 mmHg

PA capillary wedge 
pressure

Directly measured  
(PA catheter)

PASP + (2 × PADP)]/3

6-12 mmHg

Cardiac output Heart rate × Stroke 
volume/1000

4-7 L/min

PVR 80 × (mPAP − PCWP)/
cardiac output

20-130 dyne/s/cm−5 or 
0.25-1.6 Wood units

Transpulmonary 
gradient

Mean SBP − Mean RABP 5-8 mmHg

TABLE 57-2   Pulmonary Hemodynamic Measurements  
and Normal Ranges

BP, blood pressure; mPAP, mean pulmonary artery pressure; PA, pulmonary artery; PADP, pul-
monary artery diastolic pressure; PASP, pulmonary artery systolic pressure; PCWP, pulmonary 
capillary wedge pressure; PVR, pulmonary vascular resistance; RA, right atrial; SBP, systolic 
blood pressure.
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Pulmonary Hypertension Under 
Conditions of Hypoxemia
Pulmonary hypertension is a potential component of most chronic 
lung disease syndromes that cause hypoxemia. It has long been 
established that PH severity in COPD, interstitial lung disease (ILD), 
cystic fibrosis, and bronchiectasis is predictive of morbidity and 
mortality.1,31 A stronger appreciation developed over the previous 
decade regarding the central role of PH in the natural history of 
sleep- disordered breathing (SDB) and alveolar hypoventilation 
disorders.

Hypoxic pulmonary vasoconstriction is the cornerstone patho-
physiological process common to lung disease–associated forms of 
PH. Small and precapillary blood vessel vasoconstriction in response 
to hypoxia distinguishes pulmonary from coronary, cerebral, and skel-
etal circulations; a fall in alveolar partial pressure of oxygen (Po2) to 
less than 50 mmHg results in an increase in PVR by 50%.32,33

A multitude of cell signaling mechanisms modulated by hypoxia 
have been implicated in pulmonary vasoconstriction, including 
increased ET-1 production, intracellular [Ca+2]i-mediated activation 
of oxygen-sensitive Ca+2 channels in VSMC, and local activation of 
α-adrenergic receptors. In addition, hypoxia inducible factor (HIF)-1α, 
a “master” transcription factor activated in response to hypoxia, may 
modulate the pathogenesis of PH in chronic lung disease via nuclear 
factor (NF)-κB-mediated pulmonary VSMC proliferation, among other 
pathological cell signaling pathways that promote negative pulmo-
nary vascular remodeling.34 Alternatively, suppression of HIF-1α 
requires iron (Fe[II]), raising speculation that iron supplementation 
is a potential therapeutic target for attenuation of pathogenic HIF-
1α-dependent cell signaling in PH. For example, Smith et al. recently 
reported that iron infusion (Fe[III]-hydroxide sucrose, 200 mg) 
administered to healthy individuals who developed PH following 
exposure to hypoxic conditions at elevated altitudes decreased PA 
systolic from a mean of 37 to 31 mmHg (P = 0.01).35

Late-stage findings in hypoxia-mediated PH include arteri-
ole VSMC hypertrophy and hyperplasia, which lead to medial 
 thickening and may contribute to PH via a reduction in the pulmo-
nary vessel lumen area.

Chronic Obstructive Pulmonary Disease
Chronic obstructive pulmonary disease is the most common cause of 
hypoxemia-induced PH and cor pulmonale, accounting for more than 
80% of cases.36 A  mPAP  “cutoff” of 20 mmHg captured 91% of 120 severe 
emphysema patients in one widely cited retrospective analysis.1,8 It is 
uncommon for PAP to exceed 40 mmHg in patients with COPD, and if 
this value is used to define PH, disease prevalence drops substantially.1

DIAGNOSIS

Jugular venous pressure assessment or detection of a loud pul-
monic component of the second heart sound may be obs-
cured in COPD patients with PH due to chest hyperinflation. 
Echocardiography is generally sufficient for diagnosis of PH in 
COPD patients, but rotational changes to normal heart anatomy in 
severely hyperinflated patients may distort acoustic windows and 
limit detection of the tricuspid regurgitant jet envelope required 
for PA systolic pressure estimation. In these patients, right heart 
catheterization is indicated.

NATURAL HISTORY

Progression of PH in COPD patients is indolent, with an average 
change in mPAP of 0.5 mmHg/year.37 In one case series of 84 patients 
undergoing right heart catheterization after initiation of long-
term oxygen therapy for severe COPD, the 5-year mortality rate for 
patients with a PAP above 25 mmHg was 36%, vs. 62% for the remain-
der of the study population.38 Identification of COPD patients at risk 
for RV dysfunction does not, however, necessarily require echocar-
diography or invasive hemodynamic monitoring. The presence of 
one or more electrocardiographic signs of cor pulmonale in COPD 
patients is associated with a significantly decreased lifespan.39

Interstitial Lung Disease
Interstitial lung disease is characterized by impaired gas exchange, 
patchy collagen fibrosis, fibroblastic foci deposition, and in certain 
instances, noncaseating granulomas on lung histopathological anal-
ysis.40 Owing to pulmonary blood vessel compression from fibrosis, 
PH is a potential complication in most forms of ILD. In idiopathic 
pulmonary fibrosis (IPF), the most aggressive ILD subtype, histo-
pathological findings include adverse vascular remodeling of small 
muscular pulmonary arteries, destruction of capillary beds, peri-
pulmonary vessel adventitial thickening, and VSMC hypertrophy 
with increased collagen and elastin accumulation.41 Together, these 
changes contribute to low diffusion capacity (DLCO) and develop-
ment of PH that are classic features of this condition.

DIAGNOSIS AND TREATMENT

A mean PA diameter greater than 29 mm on computed tomogra-
phy (CT) scan is suspicious for PH, but echocardiography or right 
heart catheterization remain the gold standard diagnostic tests for 
PH in ILD.42 Universal guidelines for iNO, PDE5 inhibitors, ERAs, or 
prostacyclin replacement therapy in ILD do not exist; current man-
agement emphasizes alleviation of hypoxemia with supplemental 
oxygen and improvement in alveolar gas exchange (e.g., cortico-
steroids if appropriate). A randomized clinical tria l to evaluate 
 iloprost in IPF patients with PH is complete, but results have not yet 
been published (clinicaltrials.gov; NCT00109681).

Pulmonary Hypertension in Obstructive  
Sleep Apnea
Obstructive sleep apnea (OSA) is a clinical syndrome resulting 
from involuntary collapse of pharyngeal muscles during sleep. 
Decreases in the arterial partial pressure of oxygen (Pao2) and 
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in the catalytically active β
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synthase; iNOS, inducible nitric oxide synthase.
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increased sleep arousal and sympathetic tone adversely affect car-
diovascular function by increasing LV afterload, systemic blood 
pressure, and heart rate. The aggregate effect of these pathologi-
cal adaptations results in increased rates of OSA-associated isch-
emic heart disease, congestive heart failure, and arrhythmias. 
Furthermore, these processes in turn promote PH via left-sided 
heart failure–induced passive pulmonary vascular congestion. 
Obesity, which is associated with increases in cardiac output com-
pared to lean individuals, correlates positively with PAP, irrespective 
of OSA status.43 This observation suggests that high cardiac output, 
perhaps by inducing reactive pulmonary vasoconstriction from 
increased circulating blood volume, may contribute to elevated 
rates of PH observed in patients with obesity, OSA, or both.

Continuous positive pressure airway pressure (CPAP), which in 
OSA patients is associated with improvement in LV diastolic func-
tion, decreases PAP (≈5 mmHg over 4 months of CPAP use) and is 
associated with decreased mortality and hospitalization rates in 
OSA patients.43–45

Chronic High-Altitude Exposure
Over 140 million people live at high altitude (HA) (>2500 m above 
sea level).46 A parabolic inverse relationship between PAP and 
peripheral oxygen saturation (Sao2) exists in populations of native 
HA dwellers.46 It is believed that chronic hypoxia-mediated vaso-
constriction from low oxygen tension at HA results in several car-
diopulmonary adaptations, which include RV hypertrophy, VSMC 
hypertrophy of small and distal pulmonary arterioles, increased 
oxygen carrying capacity due to reactive erythrocytosis, and 
increased heart rate at baseline and on exertion.46 If these protective 
responses are disrupted, typically from hypoventilation-mediated 
worsening of hypoxia, a cascade of maladaptive responses may 
ensue, resulting in chronic mountain sickness syndrome (CMS). 
Severe PH, cor pulmonale, and excessive polycythemia are hall-
mark clinical features of CMS. In contrast to acute altitude sickness, 
pulmonary edema from severe PH is not typical. Altitude descent 
is usually required to cure CMS.47

Pulmonary Hypertension Secondary 
to Pulmonary Thromboembolic Disease
Chronic Thromboembolic Pulmonary 
Hypertension
Chronic thromboembolic pulmonary hypertension (CTEPH) is char-
acterized by luminal obliteration of central and distal pulmonary 
arteries, which results in PH and RV failure. Epidemiological data 
describing the frequency of CTEPH in the general population is lim-
ited; however, 0.5% to 5% of patients surviving an acute pulmonary 
embolism (PE) tend to develop this condition.48 Histopathological 
analysis demonstrates intraluminal and in situ thrombus, and steno-
sis from associated fibrous deposition in the wall of pulmonary arter-
ies.49,50 Pulmonary hypertensive arteriopathy is present in vessels that 
are distinct from the site of thrombus, suggesting thrombus potentia-
tion of diffuse injury to the pulmonary vasculature.

It is parsimonious to speculate that this syndrome is merely a 
consequence of incompletely recanalized PE but up to 50% of 
CTEPH patients have not been previously diagnosed with a pul-
monary embolism. Furthermore, a surprisingly strong associa-
tion between CTEPH and asplenism exists. In one case-controlled 
analysis of 257 patients, splenectomy was present in 8.5% of 
CTEPH patients, compared with 2.5% of PAH patients and 0.5% 
of patients with chronic parenchymal lung disease.51 The pre-
cise mechanisms to account for this association remain specu-
lative. Loss of hematopoietic filtering in asplenic patients may 
generate a prothrombotic environment in vascular tissue, owing 
to elevated circulating levels of platelets and abnormal erythro-
cytes. One hypothesis suggests that the platelet-derived vascular 
effector serotonin, implicated in microthrombus formation and 

VSMC constriction in PAH-associated conditions, may contribute 
to PH in asplenic patients. Alternatively, in asplenic patients, unfil-
tered structurally abnormal red blood cells may function as pro-
coagulant intermediaries because of expression of the negatively 
charged phospholipid phosphatidylserine on the outer cell mem-
brane, which interacts with thrombin (see Hemoglobinopathy, 
later).52,53 Additional risk factors include a history of venothrom-
boembolism, positive anticardiolipin antibody status, osteomyeli-
tis, surgically placed ventriculoatrial shunt, inflammatory bowel 
disease, and malignancy. 54

DIAGNOSIS AND MEDICAL TREATMENT

CTEPH often presents with progressive exertional dyspnea. Late in 
the disease course, signs and symptoms of decreased right-sided 
cardiac output, such as exertional chest pain, increased abdomi-
nal girth and lower-extremity edema, and syncope or near-syncope 
may be present. A bruit auscultated over the lung fields, present 
in up to 30% of patients, reflects turbulent flow through partially 
occluded pulmonary vessels.55

In contrast to PAH and most other forms of PH, CTEPH often 
involves proximal pulmonary arteries. Thus, the presence of one 
or more ventilation/perfusion (V/Q) mismatched segmental (or 
larger) defects detected by V/Q scintigraphy is often a key finding 
that distinguishes CTEPH from PAH. In up to 45% of patients with 
CTEPH, lower- extremity venous duplex ultrasound examination 
suggests venothromboembolism.55 Although pulmonary angiogra-
phy has traditionally been the gold standard diagnostic imaging 
modality in this condition, multidimensional CT or magnetic res-
onance angiography (MRA) is at least equally effective in deter-
mining proximal, segmental, and subsegmental clot burden, and 
is superior for detecting alternative PH-associated lung disease 
(e.g., fibrosing mediastinitis, adenopathy, tumors of the pulmonary 
artery)56 (Fig. 57-4). Nevertheless, pulmonary angiography is nec-
essary for defining CTEPH type, which predicts operative success, 
and is therefore recommended for all surgical intervention candi-
dates (see later discussion).

For inoperable CTEPH patients, a systolic PAP over 40 mmHg, ele-
vated PVR (>584 dyne/s/cm−5), and/or elevated right atrial pressure 
(>12 mmHg) is associated with a poor prognosis. One study con-
ducted prior to the era of modern PAH pharmacotherapy demon-
strated that in CTEPH patients with mPAP over 50 mmHg treated only 
with anticoagulation, the 2-year survival rate was below 20%.57 In con-
trast, data from contemporary trials in nonoperative CTEPH patients 
suggest that therapy with PDE5 inhibitors, ERAs, or prostacyclin 
replacement therapy improves outcome. For example, one recently 
published retrospective analysis of 84 inoperable CTEPH patients on 
maximal medical therapy reported a survival rate of 68% at 5 years.58 
In the BENEFiT trial, 157 patients with inoperable or surgically refrac-
tory CTEPH were randomized to receive ERA therapy with the ETA/B 
receptor antagonist bosentan or placebo. Bosentan was well toler-
ated and resulted in a statistically significant 24% decrease in PVR 
from baseline, but did not influence exercise tolerance.59 Pilot stud-
ies evaluating the effects of iNO and/or selective PDE5 inhibition 
have demonstrated similar beneficial effects on pulmonary vascular 
hemodynamics.60 At present, initiation of PAH therapies in CTEPH is 
generally recommended for poor surgical candidates or those with 
disease refractory to surgery awaiting lung transplantation.

SURGICAL TREATMENT

Primary treatment for CTEPH is pulmonary thromboendarterec-
tomy for excision of thromboembolic and fibrotic tissue adherent 
to the lung vessel wall61,62 (Table 57-3). Deep hypothermic circula-
tory arrest with CPB is a strategy used to minimize bleeding in the 
surgical field, and at experienced centers has been met with low 
neurological morbidity rates and favorable outcomes.63 Factors 
favoring operative success include a proximal clot burden and a 
decrease in mPAP in response to preoperative iNO treatment.64 
When successful, surgery results in a substantial reduction in clot 
burden and PVR65 (see Fig. 57-4). In one prospective analysis of  
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181 CTEPH patients, compared with nonsurgical treatment, pulmo-
nary  thromboendarterectomy was associated with a significantly 
lower PVR (586 ± 248 vs. 269 ± 201 dyne/s/cm−5) and mPAP, (45 ± 
12 vs. 25 ± 11 mmHg).66 In this study, surgeries performed within the 
last decade were associated with a 6% or lower mortality rate. Lung 
transplantation should be considered for those with inoperable 
disease or an incomplete response to thromboendarterectomy.55 
Lifelong anticoagulation is recommended for all patients irrespec-
tive of operative candidacy.

Pulmonary Hypertension 
with Hemoglobinopathies
Pulmonary hypertension from primary blood dyscrasias that are 
characterized by abnormal erythrocyte structure or hemolysis 
occurs as a consequence of decreased bioavailable NO, increased 
microthrombi formation, and possibly, increased vascular endothelial 
ET-1 synthesis (see mechanism details later). Examples include 
sickle cell disease (SCD), hereditary spherocytosis, β-thalassemia 
(particularly in patients with splenectomy), and stomatocytosis.

Pulmonary hypertension is a part of the SCD syndrome in about 
40% of patients. The 4-year mortality rate is 40% in SCD patients 
with PH; when RV  systolic pressure is above 30 mmHg, there is a 

10-fold increase in mortality compared with non-PH SCD patients.67 
Histopathological findings in SCD and hemolysis-associated PH 
demonstrate a pulmonary arteriopathy similar to that observed 
in PAH. Specifically, the presence of pulmonary VSMC hypertrophy, 
neomuscularization of small- and medium-sized pulmonary arter-
ies, luminal microthrombi, and plexiform lesions are described at 
autopsy in patients with these various primary disorders of eryth-
rocyte structure68 (Fig. 57-5).

Potential Mechanisms Linking Pulmonary 
Hypertension and Sickle Cell Disease
DECREASED BIOAVAILABLE NITRIC OXIDE

In the pulmonary vasculature, NO is a critical intermediary that 
promotes vasodilation, decreases platelet aggregation, and is a 
potent antagonist of  vascular inflammation. In SCD and hemo-
lytic anemias, erythrocyte deformity or rupture results in release 
of free hemoglobin (Hb) into plasma. In the microcirculation, 
free Hb interacts with NO to form methemoglobin and nitrate  
( −

3NO ) [ + + −− + → +2 3
2 3Hb Fe = O NO Hb-Fe NO ], thereby decrea-

sing bioavailable levels of NO, which increases pulmonary 
 vascular reactivity.

A B

FIGURE 57-4 A, Preoperative pulmonary magnetic resonance angiography (MRA) in patient with chronic thromboembolic pulmonary hypertension (CTEPH).  
B, Images acquired from same patient following surgical endarterectomy. (Adapted from Hamilton-Craig C, Kermeen F, Dunning JJ, et al: Cardiovascular magnetic 
resonance prior to surgical treatment of chronic thromboembolic pulmonary hypertension. Eur Heart J 31:1040, 2010.)

CLASSIFICATION DISTRIBUTION ANATOMIC INVOLVEMENT PATHOLOGY

Type I 30% of surgical cases Main or lobar pulmonary arteries Fresh thrombus
Vessel wall disease
Clot propagation into primary and secondary pulmonary  

blood vessels

Type II 60% of surgical cases Proximal to segmental pulmonary 
arteries

Intimal thickening
Vessel wall fibrosis
±Organized thrombus

Type III 10% of surgical cases Distal segmental and subsegmental 
pulmonary arteries

Vessel fibrosis
Intimal webbing
Blood vessel thickening
±Organized thrombus

Type IV <1% of surgical cases Distal arterioles Microscopic arteriolar vasculopathy
No evidence of visual thrombus

TABLE 57-3  Classification of CTEPH According to Intraoperative Findings*

*A higher likelihood of elevated postoperative pulmonary arterial pressure (PAP) and pulmonary vascular resistance (PVR) exists with type III or IV disease.
Data from Jamieson SW: Pulmonary thromboendarterectomy. Heart 79:118–120, 1998; Thistlethwaite PA, Madani M, Jamieson SW: Pulmonary thromboendarterectomy surgery. Cardiol Clin 
22:467–478, vii, 2004; and Jamieson SW, Kapelanski DP, Sakakibara N, et al: Pulmonary endarterectomy: experience and lessons learned in 1,500 cases. Ann Thorac Surg 76:1457–1462; discussion 
1462–1454, 2003.
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Ischemia-reperfusion injury in small pulmonary arterioles and cap-
illaries is a hallmark feature in the pathophysiology of SCD occlusive 
crises.69,70 The downstream molecular effect of these events includes 
scavenging of bioavailable NO by superoxide −

2O  in a reaction that 
generates peroxynitrite anion (ONOO−).71 Superoxide is generated 
during ischemia-reperfusion injury via (1) direct activation of ROS 
generating enzymes (e.g., xanthin oxidase), (2) increased NADPH 
oxidase activity modulated by enhanced leukocyte recruitment to 
the vascular endothelium, (3) uncoupling of endothelial nitric oxide 
synthase (eNOS) due to enzyme cofactor depletion (e.g., BH

4), and 
(4) inducible nitric oxide synthase (iNOS)-dependent NO-mediated 
ROS formation.70 In addition to scavenging NO, −

2O  is converted to 
hydrogen peroxide (H2O2), which has been shown in vitro to dis-
rupt endothelium-independent vasodilatory signaling pathways 
by oxidatively modifying a key cysteinyl thiol involved in normal 
NO sensing by sGC72 (see Fig. 57-3).

Intracellular levels of arginase, which converts l-arginine to orni-
thine, are elevated in sickled erythrocytes and released into plasma 
upon hemolysis.73 It has been postulated, therefore, that since  
l-arginine is a substrate for NO synthesis, this may represent an 
additional mechanism by which bioavailable NO is decreased 
in SCD. Data examining arginine replacement therapy, PDE5 
inhibition with sildenafil, or iNO to treat PH in SCD, although 
encouraging, are at this time limited to case reports or very 
small patients series.74

The role of arginase in modulating PH in other primary blood 
dyscrasias has been evaluated. In paroxysmal nocturnal hemo-
globinuria (PNH), an acquired mutation results in the absence 
of erythrocyte membrane-bound glycosylphosphatidylinositol-
anchored proteins, which predisposes to compliment- mediated 
hemolysis and free Hb scavenging of NO. Patients with PNH 
express a low bioactive NO state in several ways, including PH, gas-
trointestinal smooth muscle cell (SMC) hyperactivity, and erectile 
dysfunction (ED).75 Data extracted from patients enrolled in the 
Transfusion Reduction Efficacy and Safety Clinical Investigation 
Using Eculizumab in Paroxysmal Nocturnal Hemoglobinuria 
(TRIUMPH) study demonstrated that plasma arginase activity lev-
els were 10-fold higher compared with the normal range, a find-
ing associated with a roughly 30-fold increase in NO consumption. 
Interestingly, by blocking compliment C5 and thereby decreasing 
erythrocyte hemolysis, eculizumab treatment resulted in a signifi-
cant decrease in hemolysis, N-terminal pro-brain natriuretic pep-
tide levels, and patient-reported dyspnea.76

Less well-established mechanisms that may influence NO bio-
availability may involve asymmetrical dimethylarginine (ADMA), 
a NOS inhibitor, which is present at elevated concentrations in 
plasma of SCD patients.77

HYPERCOAGULABLE STATE

In SCD, stroke, veno-occlusive crises, and PH are believed to occur 
in part from thrombus formation in the cerebral and pulmonary 
microcirculations. Decreased bioavailable NO (through loss of 
platelet aggregation antagonism), increased whole blood tissue 
factor expression and thrombin formation, and decreased levels 
of the coagulation pathway inhibitors activated protein C (APC) 
and its cofactor protein S contribute to a hypercoagulable state. 
In SCD, β-thalassemia, and/or asplenic patients, erythrocyte mem-
brane dyssymmetry results in abundant exposure of phosphatidyl 
choline, which is linked to increased erythrocyte vascular endo-
thelial cell (ED) adhesion and thrombin activation.78 Antiplatelet 
therapy with aspirin is recommended in selected high-risk SCD 
patients for primary prevention of ischemic stroke; however, the 
effect of these agents in modulating a decrease in PAP has not 
been adequately tested.

Despite these observations, the attributable contribution to 
the pathophysiology of PH by free Hb scavenging of NO remains 
unresolved. A surprisingly low difference in reticulocyte count 
and lactate dehydrogenase (LDH) levels between non-PH and 
PH patients with SCD; lack of a positive association between 
extent of hemolysis and PH disease severity; and an absence 
of extrahematological clinical signs or symptoms indicative of 
decreased bioactive NO, such as esophageal spasm or ED (i.e., 
impotence but not priapism), has led some to suggest that alter-
native mechanisms may play an underrecognized role in pro-
moting PH in SCD.52

INCREASED ENDOTHELIN-1 SYNTHESIS

A threefold increase in circulating ET-1 levels are observed 
in patients with SCD compared to age-matched normal con-
trols.79 This presumably occurs as a consequence of microvas-
cular hypoxia and increased sheer stress in SCD that triggers 
pulmonary vascular endothelial secretion of ET-1. In vitro, 
exposure of vascular ECs to sickled erythrocytes significantly 
increases ET-1 gene transcription, suggesting that ET-1 may act 
as a vasoconstrictor intermediary in SCD.80 Because of the 
central role of ET-1 in the pathophysiology of PAH, investiga-
tors have tested the hypothesis that ET A/B receptor antagonism 
may attenuate PH disease severity in SCD. Early data from 
small clinical trials have demonstrated about a 10% increase 
in distance performed during a 6-minute walk test in SCD 
patients with PH treated with bosentan therapy for 6 months. 
In the same study, a mean fall of 6 mmHg in estimated  systolic 
PAP (by echocardiography) was also observed.81 Larger 
 randomized double-blinded placebo-controlled clinical  trials 
to investigate further bosentan therapy in a similar patient 
cohort are ongoing (ASSET-1 and -2 at clinicaltrials.gov).82

Other Secondary Causes of Pulmonary 
Hypertension
Numerous other less common disease states are associated with 
PH by causing direct compression of the pulmonary vasculature 
via mass effect or vessel wall infiltration. Fibrosing mediastinitis, 
which is associated with granulomatous diseases such as histo-
plasmosis, is an immunologically mediated response to case-
ous nodes. Fibrotic encroachment of large and small pulmonary 
arteries and veins has been observed at necroscopy of patients 
when this condition includes severe PH. A similar PH pathophys-
iology has been implicated in sarcoidosis, where impedance to 
pulmonary blood flow occurs secondary to fibrosis of the pul-
monary vasculature in the setting of extensive parenchymal lung 

*
*

FIGURE 57-5 Histopathological findings in sickle cell disease (SCD)–
associated pulmonary hypertension (PH). Hematoxylin and eosin preparation 
of distal pulmonary blood vessel in patient with sickle cell anemia reveals 
vascular smooth muscle cell (VSMC) hypertrophy, intimal thickening (line), 
and subtotal obliteration of vessel lumen due to a plexiform lesion (outlined by 
arrows). Microvessel thrombus is also noted (star). (From Machado RF, Gladwin 
MT: pulmonary hypertension in hemolytic disorders: pulmonary vascular disease: the 
global perspective. Chest 137[6 Suppl]:30 S–38 S, 2010.)
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disease or direct invasion of the intima and media of the pulmo-
nary arteries with noncaseating granulomas, resulting in blood 
vessel encroachment.

Primary inflammatory vascular diseases including pulmonary 
capillary hemangiomatosis, characterized by uncontrolled prolif-
eration of capillaries infiltrating vascular, bronchial, and interstitial 
pulmonary structures, and Takayasu's arteritis (see Chapter 42) are 
rare causes of PH. An important iatrogenic etiology of PH is second-
ary to pulmonary vein stenosis as a complication of pulmonary vein 
isolation radiofrequency ablation for treatment of atrial fibrillation. 
In the previous decade, pulmonary vein stenosis was reported in up 
to 20% of patients undergoing this procedure. However, improved 
technology and enhanced awareness among operators appears to 
have resulted in a substantial downward trend in the frequency of 
this potentially devastating procedural complication, with contem-
porary case series reporting event rates of 1% to 3%.83
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C H A P T E R  58  Diseases of the Lymphatic 
Circulation
Stanley G. Rockson

Diseases of the lymphatic circulation may be developmental 
or acquired. Developmental disorders may be due to impaired 
or  disordered development of the lymphatic vasculature, with 
accompanying disorders of lymph transit. The acquired lymphatic 
vascular diseases most often occur following disruption of lym-
phatic channels, typically in the setting of trauma, infection, neo-
plasia, or surgical interventions.

Without regard to the prevailing specific cause, interstitial fluid 
accumulates and swelling ensues when regional lymphatic flow 
is insufficient to maintain tissue homeostasis. When lymph stasis 
is chronic, variable degrees of cutaneous and subcutaneous fibrosis 
typically ensue, often accompanied by substantial deposition of 
adipose tissue within the subcutis. Collectively, these pathological 
alterations characterize the lymphatic disorder known clinically 
as lymphedema. Lymphedema may also accompany proliferative 
disorders of the lymphatic microvasculature that in turn lead to 
a functionally incompetent vasculature. Lymphatic insufficiency 
of the viscera can also lead to profound metabolic disturbances. 
The lymphatic vasculature subserves physiological requirements 
for both fluid homeostasis and immune traffic. Accordingly, in 
addition to edema, lymphatic disease is characterized by distinct 
regional and systemic immune functional compromise.

Historically, the rather limited therapeutic options for lym-
phatic disease have reflected an incomplete understanding 
of the  pathophysiology of lymphedema; nevertheless, recent 
advances in imaging and therapeutics, as well as insights gained 
from  vascular biology, hold promise for elaboration of more 
definitive therapies.

Anatomy of Lymphatic Circulation
Recognition of the lymphatic system and comprehension of its 
importance came relatively late to the medical and scientific 
 communities. It was not until the 17th century that Gasparo Aselli 
recognized the lymphatics as a distinct anatomical entity.1 The 
gifted professor of anatomy and surgery from Milan was frequently 
asked by friends and colleagues to perform his elegant vivisec-
tions, and on July 23, 1622, he intended to demonstrate to them 
the action and innervation of the canine diaphragm.

“While I was attempting this, and for that purpose had 
opened the abdomen and was pulling down with my 
hand the intestines and stomach…I suddenly beheld a 
great number of cords, as it were, exceedingly thin and 
beautifully white, scattered over the whole of the mesentery 
and the intestine, and starting from almost innumerable 
beginnings…I noticed that the nerves belonging to the 
intestine were distinct from these cords, and wholly unlike 
them, and besides, were distributed quite separately from 
them. Wherefore struck by the novelty of the thing, I stood 
for some time silent…When I gathered my wits together for 
the sake of the experiment, having laid hold of a very sharp 

scalpel, I pricked one of these cords and indeed one of the 
largest of them. I had hardly touched it, when I saw a white 
liquid like milk or cream forthwith gush out. Seeing this, I 
could hardly restrain my delight.”1

The chylous return from the intestine of the recently fed ani-
mal allowed Aselli to recognize the lymphatics; when he repeated 
the demonstration several days later, no vessels were to be seen. 
Aselli eventually realized the relation between feedings and the 
visibility of the mesenteric lymphatics and duplicated the work in 
several species (Fig. 58-1). Over the following half century, Aselli's 
work was extended by Pecquet, Bartholinus, and Rudbeck, who 
defined the gross anatomy of the lymphatic system in toto.1 By 
the 18th century, smaller lymphatic channels were visualized by 
Anton Nuck using mercury injections. Using those techniques, 
Sappey observed and recorded the human lymphatic system in 
exquisite detail (Fig. 58-2). Even greater resolution of the anatomy 
was provided by von Recklinghausen in 1862 with his discovery 
that the lymphatic endothelium stained darkly with silver nitrate. 
Using that technique, he differentiated lymphatic capillaries 
from blood vessel capillaries. Most recently, substantial advances 
in the techniques of immunohistochemistry and transmission 
electron microscopy have enabled the certain identification of 
the lymphatic microcirculation and discrimination from blood 
vasculature.2,3

It is now well established that lymphatic capillaries are blind-
ended tubes formed by a single layer of endothelial cells (ECs). 
The ECs of lymphatic capillaries closely resemble those of blood 
 vessels and have a common embryonic origin.4 Like blood 
 vascular endothelium, cultured lymphatic ECS form confluent 
“cobblestone” monolayers that “sprout” to form tubules. They 
demonstrate  identical histological markers (von Willebrand fac-
tor (vWF), F-actin, fibronectin (FN), and Weibel-Palade bodies). 
Unlike  systemic  capillaries, the basement membrane of lymphatic 
 capillaries is absent or widely fenestrated, allowing greater entry of 
interstitial proteins and particles.

The capillaries join to form larger vessels (100-200 μm) that 
are invested with smooth muscle and capable of vasomotion. 
Those vessels in turn merge to form larger conduits composed 
of three distinct layers: intima, media, and adventitia. Those con-
duits possess intraluminal valves located a few millimeters to 
centimeters apart that ensure lymph flow is directed centrally.5,6

In the lower limbs, the larger conduits form a system of lym-
phatic return that is divided into superficial and deep compo-
nents. The superficial component comprises medial and lateral 
channels. The medial channel originates on the dorsum of the 
foot and runs along the course of the saphenous vein. The lateral 
channel begins on the lateral aspect of the foot and ascends to 
the mid-leg, where the tributaries cross anteriorly to the medial 
side to follow the course of the medial lymphatics up to the 
inguinal nodes. Deep lymphatics do not usually communicate 
with the superficial  system except through the popliteal and 
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inguinal lymph nodes. Those  vessels originate subcutaneously, 
follow the course of the deep blood vessels, and eventually pass 
through the inguinal nodes.

Small- and medium-sized lymphatic vessels empty into main 
channels, of which the thoracic duct is the largest. That vessel, 
roughly 2 mm wide and 45 cm long, ascends from the abdomen 
through the lower chest just to the right of and anterior to the 
vertebral column. At approximately the level of the fifth thoracic 
vertebra, it crosses to the left of the spine, where it continues to 
ascend through the superior mediastinum to the base of the neck 
and eventually empties into the left brachiocephalic vein. Other 
large right- and left-sided lymphatic ducts may exist, although their 
arrangement, size, and course are highly variable. Those vessels 
join with the main thoracic duct or empty directly into great veins; 
they provide important collateral conduits should the thoracic 
duct become obstructed.

Physiology of Lymphatic Circulation
In 1786, William Hunter and two of his pupils, William Cruikshank 
and William Hewson, published the results of their work, lay-
ing a foundation for the physiology of the lymphatic system.1 
They correctly inferred from clinical observation that the lym-
phatics were involved in the response to infection, as well as in 
the absorption of interstitial fluid. A century later, their theories 
received experimental support from the physiological studies 
of Karl Ludwig and Ernest Starling. Ludwig cannulated lymph 
vessels, collected and analyzed the lymph, and proposed that 
it was a filtrate of plasma. Starling  elucidated the forces govern-
ing fluid transfer from the blood capillaries to the interstitial 
space and offered evidence that the same forces apply to the 

FIGURE 58-1 Original anatomical illustration of visceral lymphatics by 
Gasparo Aselli. (From the monograph De Lactibus Sive Lacteis Venis, courtesy 
Harvard Medical Library, Francis A. Countway Library of Medicine.)

A B

FIGURE 58-2 Nineteenth-century anatomical delineation of the cutaneous lymphatics of the human trunk (A) and lower extremity (B).  From the text 
Anatomie, Physiologie, Pathologie des Vaisseaux Lymphatiques by P.C. Sappey [1874], courtesy Harvard Medical Library, Francis A. Countway Library of Medicine.)
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lymphatic capillaries. He proposed that an imbalance in those 
forces could give rise to edema formation:

“In health, therefore, the two processes, lymph production and 
absorption are exactly proportional. Dropsy depends on a loss 
of balance between these two processes—on an excess of  
lymph-production over lymph-absorption. A scientific 
investigation of the causation of dropsy will therefore involve, 
in the first place, an examination of the factors which determine 
the extent of these two processes and, so far as is possible, the 
manner in which these processes are carried out.”7

As first enunciated by Starling, interstitial fluid is largely an ultra-
filtrate of blood. Its rate of production reflects the balance between 
factors that favor filtration out of capillaries (capillary hydrostatic 
pressure and tissue oncotic pressure) and those that favor reab-
sorption (interstitial hydrostatic pressure and capillary oncotic 
pressure).7 Under normal conditions, filtration exceeds reabsorp-
tion at a rate sufficient to create 2 to 4 L of interstitial fluid per day. 
There is a net filtration of protein (primarily albumin) from the vas-
culature into the interstitium; approximately 100 g of circulating 
protein may escape into the interstitial space daily. The interstitial 
fluid also receives the waste products of cellular metabolism, as 
well as foreign matter or microbes that enter through breaks in the 
skin or by hematogenous routes.

The volume and composition of interstitial fluid are kept in bal-
ance by the lymphatic system. The functions of that system include 
(1) transport of excess fluid, protein, and waste products from the 
interstitial space to the blood stream; (2) distribution of immune 
cells and substances from the lymphoid tissues to the systemic 
circulation; (3) filtration and removal of foreign material from the 
interstitial fluid; and (4) in the viscera, promoting absorption of 
 lipids from the intestinal lumen.

Not surprisingly, the lymphatics require a complex interplay of 
specific anatomy and function to meet physiological requirements. 
Several forces drive fluid through the lymphatic system. The lymph-
atic vessels in skeletal muscle are compressed by extrinsic muscular 
contractions that propel the fluid centrally through the unidirectional 
valves. In other tissues, such as the splanchnic and  cutaneous sys-
tems, it is primarily contractions of lymphatic smooth muscle that 
generate the driving force.8,9 These contractions are increased in 
frequency and amplitude by elevated filling pressure, sympathetic 
nerve activity, and shock, and they may be modulated by circulating 
 hormones and prostanoids.10–12 Considerable force can be generated 
by those contractions; experimentally induced obstruction of the 
popliteal lymphatic system augments the strength and frequency of 
contraction, generating pressures of up to 50 mmHg.13 Other factors 
that may contribute to lymphatic flow include intermittent compres-
sion from arterial pulsations and gastrointestinal peristalsis. In addi-
tion, it has most recently been proposed that the initial lymphatics 
(small  lymphatic capillaries that begin blindly in the tissues) most 
likely possess a two-valve system.14,15 In addition to the classically 
described secondary intralymphatic valves, the initial lymphatics are 
thought to possess a primary valve system at the level of the endothe-
lium to ensure  unidirectional flow at this level. Once lymph enters 
the thorax, negative intrathoracic pressure generated during inspira-
tion aspirates fluid into the thoracic duct (the “respiratory pump”).13 
Failure of adequate lymph transport promotes lymphedema and 
likely  contributes to the pathological presentation of a wide variety 
of lymphatic vascular diseases.

Lymphatic Insufficiency (Lymphedema)
Pathogenesis of Edema
Edema develops when production of interstitial fluid (lymph) 
exceeds its transport through the lymphatic system. Thus, overpro-
duction of lymph (enhanced lymphatic load) or decreased ability to 
remove fluid (defective transport) from the interstitium may result in 
edema. Conditions associated with overproduction of lymph include 
elevated venous pressures, increased capillary  permeability, and 
hypoproteinemia. Elevated hydrostatic  pressure in the veins results in 

increased filtration of plasma from venules and blood capillaries (as 
seen in right-sided congestive heart  failure (CHF), tricuspid regurgita-
tion, and deep vein thrombosis [DVT]). Conversely, local inflamma-
tion increases capillary permeability, accelerating loss of protein and 
fluid to the interstitium despite a normal  capillary hydrostatic pres-
sure. Lymph production may increase by 10- to 20-fold, exceeding lym-
phatic transport and resulting in marked edema.16 Hypoproteinemia 
also may lead to marked edema, in which case hydrostatic pressure 
and capillary permeability are normal, but capillary oncotic pressure 
is reduced, favoring osmotic flow to the interstitium. The edema that 
ensues in these conditions can, strictly speaking, be called lymph-
edema only when there is objective evidence of impaired lymphatic 
 clearance or physical evidence of consequences of impaired lym-
phatic  function in the skin or subcutaneous tissues.

Pathogenesis of Lymphedema
Lymphedema occurs whenever lymphatic vessels are absent, 
underdeveloped, or obstructed. Impedance to lymphatic flow may 
be due to an inborn defect (primary lymphedema) or an acquired 
loss of lymphatic patency (secondary lymphedema).

PRIMARY LYMPHEDEMA

Prevalence estimates for the heritable causes of lymphedema are 
difficult to ascertain and vary substantially. Primary lymphedema 
is thought to occur in approximately 1 of every 6 to 10,000 live 
births. Females are affected 2- to 10-fold more commonly than 
males.17,18 Primary lymphedema represents a heterogeneous 
group of disorders, and therefore its classification schemata are 
numerous. Affected individuals can be classified by age of onset, 
 functional anatomical attributes, or clinical setting.

Age of Onset

When distinguished by age of clinical onset, primary lymphedema 
can typically be divided into the following categories19:

1. Congenital lymphedema, clinically apparent at or near birth.
2. Lymphedema praecox, with onset after birth and before age 

35; lymphedema praecox, a term used by Allen in 1934, most 
 typically appears in the peripubertal years.

3. Lymphedema tarda appears after the age of 35.

Anatomical Patterns

An alternative classification scheme relies on an anatomical 
description of the lymphatic vasculature20,21:

1. Aplasia: no collecting vessels identified.
2. Hypoplasia: a diminished number of vessels are seen.
3. Numerical hyperplasia (as defined by Kinmonth): an 

increased number of vessels are seen.
4. Hyperplasia: in addition to an increase in number, the vessels 

have valvular incompetence and display tortuosity and dila-
tion (megalymphatics).

Approximately one third of all cases are secondary to agenesis, 
hypoplasia, or obstruction of the distal lymphatic vessels, with rela-
tively normal proximal vessels.26,27 In those cases, swelling is  usually 
bilateral and mild and affects females much more frequently than 
males. The prognosis in such cases is good. Generally after the 
first year of symptoms, there is little extension in the same limb or 
to uninvolved extremities. Although the extent of involvement is 
established early in the disease in about 40% of patients, the girth 
of the limb continues to increase.

In more than half of all cases, the defect primarily involves 
obstruction of the proximal lymphatics or nodes, with initial lack 
of involvement of distal lymphatic vessels. Pathological studies 
reveal intranodal fibrosis.15 In those cases, swelling tends to be uni-
lateral and severe; there may be a slight predominance of females 
in this group. In patients with proximal involvement, the extent and 
degree of the abnormality is more likely to progress and require 
surgical intervention. Initially uninvolved distal lymphatic vessels 
may become obliterated with time.
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A minority of patients have a pattern of bilateral hyperplasia 
of the lymphatic channels or tortuous dilated megalymphatics. 
In these less common forms of primary lymphedema, there is a 
slight male predominance. Megalymphatics are associated with a 
greater extent of involvement and a worse prognosis.

Clinical Characteristics

As a third alternative, the primary lymphedemas can often be char-
acterized by associated clinical anomalies or abnormal pheno-
type.21 Although sporadic instances of primary lymphedema are 
more common, the tendency for congenital lymphedema to clus-
ter in families is significant. The syndrome of a familial predisposi-
tion to congenital lymphedema, ultimately determined to ensue 
from an autosomal dominant form of inheritance with variable 
penetrance, was first described by Milroy in 1892.22 He reported 
“hereditary edema” affecting 22 individuals of one family over six 
generations. Although Milroy ultimately came to consider not only 
congenital lymphedema but also praecox and tarda forms as vari-
ants of the syndrome that bears his name,23 the praecox form of 
primary lymphedema more often carries the eponym of Meige's 
disease.24

In fact, a long list of disorders are associated with  heritable 
forms of lymphedema. Increasingly these disorders have 
yielded to chromosomal mapping techniques. Lymphede ma-
cholestasis, or Aagenaes' syndrome, has been mapped to 
chro mosome 15q.25 In several family cohorts of Milroy's dis-
ease, it has been determined that the disorder reflects  missense 
 inactivating mutations in the tyrosine kinase domain of vas-
cular endothelial growth factor receptor 3 (VEGFR3),26,27 thus 
underscoring the likelihood that the pathogenesis of this 
condition likely reflects an inherited defect in  lymphatic 
 vasculogenesis. Several additional lymphedema syndromes 
have recently lent themselves to successful genetic mapping.21 
Lymphedema-distichiasis, an autosomal dominant dysmorphic 
syndrome in which lymphedema presents in association with 
a supplementary row of eyelashes arising from the meibomian 
glands, has been linked to truncating mutations in the fork-
head-related transcription factor FOXC228; mutations in FOXC2 
have subsequently been associated with a broad  variety of pri-
mary lymphedema presentations.29 Similarly, a more unusual 
form of congenital lymphedema, hypotrichosis-lymphedema-
telangiectasia, has been ascribed to both recessive and dom-
inant forms of inheritance of mutations in the transcription 
factor gene SOX18.30 Most recently, linkage analysis of three 
affected family cohorts has associated the occurrence of auto-
somal recessive congenital lymphatic dysplasia (Hennekam's 
syndrome) to the gene CCBE1,31,32 also identified as critical to 
lymphangiogenesis in zebrafish.31 It is altogether plausible that 
further elucidation of the molecular pathogenesis of these dis-
eases linked to FOXC2, SOX18, and CCBE1 mutations will lead 
to enhanced insights into mechanisms of normal and abnor-
mal lymphatic development. Furthermore, mutational analysis 
of families expressing inherited forms of lymphedema have dis-
closed  specific mutations in hepatocyte growth factor (HGF) 
(which encodes HGF) and MET (the HGF receptor).33 GJC2, the 
gene that encodes connexin-47 has also been implicated in the 
 familial occurrence of lymphedema.34

In general, autosomal or sex-linked recessive forms of congeni-
tal lymphedema occur less commonly than the dominant forms 
of inheritance. Nevertheless, the list of heritable lymphedema- 
associated syndromes is long and growing (Box 58-1). Primary 
lymphedema has been described in association with various 
forms of chromosomal aneuploidy (e.g., Turner's and Klinefelter's 
syndromes), various dysmorphogenic genetic anomalies (e.g., 
Noonan's syndrome, neurofibromatosis), and with various as yet 
unrelated disorders such as yellow nail syndrome, intestinal 
lymphangiectasia, lymphangiomyomatosis, and arteriovenous 
malformation (AVM).35 The association of lymphedema with vas-
cular anomalies likely derives from the shared embryological ori-
gin of the lymphatic and venous vasculature.

SECONDARY LYMPHEDEMA

Secondary lymphedema is an acquired condition that can 
arise after loss or obstruction of previously adequate lymphatic 
 channels. A wide variety of pathological processes may lead to 
such lymphatic obliteration.

Infection

Recurrent bacterial lymphangitis leads to thrombosis and fibrosis of 
the lymphatic channels and is one of the most common causes 
of lymphedema.36 The responsible bacteria are almost always 
streptococci, which tend to enter through breaks in the skin or 
fissures induced by trichophytosis. Recurrent bacterial lymphan-
gitis is also a frequent complicating factor of lymphedema from 
any cause.

Filariasis, a nematode infection endemic to regions of South 
America, Asia and Africa, is the most common cause of secondary 
lymphedema in the world. The World Health Organization (WHO) 
estimates that more than 130 million people may be affected by 
filarial infections; in India alone there are up to 14 million symp-
tomatic cases. Common tropical filaria include Wuchereria ban-
crofti and Brugia malayi or timori. Other Brugia species are found 
in North America and occasionally cause lymphatic obstruction.

The microfilaria are transmitted by a mosquito vector and 
induce recurrent lymphangitis and eventual fibrosis of lymph 
nodes. It is unclear whether filaria themselves produce the lym-
phangitis or simply predispose those afflicted to recurrent epi-
sodes of bacterial lymphangitis. The filaria also can be identified 
in blood specimens of tissue obtained by fine-needle biopsy of 
affected areas, and eosinophilia is a common local and systemic 
feature. Diethylcarbamazine remains the most popular drug for 
treating filariasis; although side effects are frequent, it is extremely 
efficacious.37 Ivermectin is a newer antifilarial agent that may 
replace diethylcarbamazine; it is less toxic, and a single oral dose 
(25 μg/kg) appears to be as efficacious as a 2-week course of 
diethylcarbamazine.38

Lymphatic Trauma

Within this category, by far the most common mechanism of 
lymphedema relates to surgical excision of lymph nodes.39 This 
occurs most commonly in the setting of cancer staging and thera-
peutics. Breast cancer–associated lymphedema is the most com-
mon form of lymphedema in the United States. Both axillary lymph 
node dissection and adjuvant radiation therapy, particularly to the 
breast and axilla, predispose to development of secondary lymph-
edema of the upper extremity.40 In clinical follow-up after periods 
of up to 13 years following invasive treatment of breast cancer, a 

Chromosomal Aneuploidy
Trisomy 13
Trisomy 18
Trisomy 21
Triploidy
Klinefelter's syndrome 
Turner's syndrome

Dysmorphogenic-Genetic Disturbances
noonan's syndrome
nonne-milroy hereditary lymphedema
meige lymphedema (lymphedema praecox)
Lymphedema-distichiasis
Cholestasis-lymphedema syndrome (Aagenaes' syndrome)
Lymphedema-microcephaly-chorioretinopathy
neurofibromatosis type i (von Recklinghausen)
Lymphedema-hypoparathyroidism syndrome
Klippel-Trénaunay-Weber's dr syndrome

Box 58-1  Hereditary Conditions Associated  
with Lymphedema

from Rockson sG: syndromic lymphedema: keys to the kingdom of lymphatic structure and 
function? Lymph Res Biol 1:181, 2003.21
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late incidence of lymphedema of 14% can be expected in surgi-
cally treated patients with adjuvant postoperative irradiation.41 
Even less radical surgery (e.g., lumpectomy) can occasionally be 
complicated by lymphedema. Despite improvements in surgical 
and radiotherapeutic techniques, lymphedema remains a poten-
tial complication.42,43 Similarly, edema of the leg may occur after 
surgery for pelvic or genital cancer, particularly when there has 
been inguinal and pelvic lymph node dissection or irradiation.44 
Its reported frequency varies between 1% and 47%.45,46 Pelvic irra-
diation increases the frequency of leg lymphedema after cancer 
 surgery47 for such conditions as malignant melanoma, prostate 
cancer, and gynecological malignancies.

Lymphedema can also ensue from other mechanisms of 
 lymphatic trauma, among them burns, large or circumferential 
wounds of the extremity, or other iatrogenic causes.48

Malignant Diseases

In addition to cancer therapeutics, various malignancies may 
induce secondary lymphedema. Tumor cells may obstruct 
 lymphatic vessels, inducing lymphedema directly or predisposing 
the patient to bacterial lymphangitis. In males, the most common 
 neoplastic etiology is prostate cancer; in females it is lymphoma.

Other Causes

Other conditions leading to or associated with obstruction of lym-
phatic channels include tuberculosis, contact dermatitis, rheu-
matoid arthritis, and pregnancy.49 Autoimmune destruction of 
the lymphatics remains an interesting but unproven etiology.50 
Factitious lymphedema (“oedema bleu”) also occurs. The con-
dition usually affects the hand, arm, or both; is unilateral; and is 
induced by applications of tourniquets, self-inflicted cellulitis, or 
maintenance of the limb in an immobile and dependent state. 
Chronic subcutaneous injections of drugs (most notably, pentaz-
ocine hydrochloride) also may lead to lymphatic sclerosis and 
obstruction.

Pathology of Lymphedema
Early in the natural history of lymphedema, there is variable thick-
ening of the epidermis; the skin becomes rough with hyperkerato-
sis and accentuation of skin folds. Organization and fibrosis may 
lead to development of papillomatosis. Early on, substantial edema 
of the dermis may occur. On cut section of gross specimens, the 
dermis is firm and gray, as is the deep fascia. Usually later in the 
course, but sometimes quite early, there may be expansion of the 
subcutaneous adipose tissue, often septated by prominent fibrous 
strands. In some specimens, compression causes lymph to exude 
from the dermis and subcutaneous tissue, although this is not a 
prominent feature. Microscopic examination reveals hyperkerato-
sis with prominent dermal fibrosis, as well as variable degrees of 
dermal edema (Fig. 58-3). Abundant subcutaneous fat with prom-
inent fibrous septa is apparent in all cases. Often, perivascular 
inflammatory cells (lymphocytes, plasma cells, and occasionally 
eosinophils) can be seen. The lymphatic vessels often are difficult 
to visualize and may be obliterated or thrombosed by previous 
inflammatory episodes or may be congenitally absent or hypo-
plastic. Dilation of the lymphatics may be seen.

Clinical Presentation
Clinical signs of lymphedema largely depend on duration and 
severity of the disease. Initially the interstitial space is expanded 
by an excess accumulation of relatively protein-rich fluid volume. 
The swelling produced by that fluid collection typically is soft, is 
easily displaced with pressure (“pitting edema”), and may substan-
tially decrease with elevation of the limb. In the lower extremities, 
the edema typically extends to the distal aspects of the feet, result-
ing in the characteristic “square toes” seen in this condition. Over 
a period of years, the limb may take on a woody texture as the sur-
rounding tissue becomes indurated and fibrotic (Fig. 58-4). In these 

later stages, pitting edema is no longer a major component, and 
limb elevation or external compression is much less successful at 
reducing the girth of the extremity.

Proliferation of subcutaneous connective and adipose tissue 
leads to thickening of the skin and loss of flexibility; the affected 
limb is grossly enlarged, and a mossy or cobblestone skin tex-
ture may develop. Correlates of these changes that can be sought 
on physical examination include the peau d'orange that reflects 
cutaneous and subcutaneous fibrosis, and the so-called Stemmer 
sign (inability to tent the skin at the base of the digits), which is 
considered to be pathognomonic of lymphedema when present 
in a swollen limb.51 In many cases of long-standing lymphedema, 
deposition of substantial amounts of subcutaneous adipose tissue 
has been described,52 hypothetically ascribable to abnormalities 
of adipogenesis or lipid accumulation that accompany chronic 
 stagnation of lymph.53 However, the mechanisms of this conse-
quence of chronic lymphatic circulatory insufficiency have not yet 
been delineated.

FIGURE 58-3 Skin biopsy in chronic lymphedema discloses characte-
ristic hyperkeratosis and hypercellularity.

FIGURE 58-4 Profound cutaneous and subdermal changes in chronic 
lower-extremity lymphedema.
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Natural History and Differential Diagnosis
The natural history of lymphedema is quite variable and often 
may encompass a substantial interval of subclinical asymptom-
atic  disease. For example, even 3 years following modified  radical 
mastectomy and axillary lymph node dissection, more than 80% 
of women remain free of any overt clinical evidence of lym-
phatic impairment despite extensive iatrogenic destruction of 
the  lymphatic architecture in these patients. Similarly, in many 
forms of primary lymphedema, there may be a protracted phase 
of apparently adequate lymphatic function despite the inherited 
anatomical or functional pathology. Precipitating factors for the 
appearance of overt lymphedema are unknown. At the onset of 
clinical lymphedema, swelling of the involved extremity is typi-
cally described as puffy, and at times, the edematous changes 
may even be  intermittent. With chronicity, the involved structures 
develop the characteristic features of induration and fibrosis.54 
In many of these patients, the maximal volume increase of the 
involved limb is determined within the first year after clinical 
onset unless there are supervening complications like recurrent 
cellulitis. The propensity to recurrent soft-tissue infection is one 
of the most troublesome aspects of long-standing lymphedema. 
In addition to the proinfectious features of accumulated fluid 
and proteins, lymphatic dysfunction also impairs local immune 
responses.55,56 With recurrent infections, there is progressive dam-
age of lymphatic capillaries.

In rare cases, long-standing chronic lymphedema may be com-
plicated by local development of malignant tumors. Although it 
is unnecessary to burden patients about the possibility of malig-
nancy, they should be alerted to report any changes in appearance 
of the limb. Neoplastic transformation of blood or lymph vessels 
can develop in long-standing lymphedema of any cause, includ-
ing primary or secondary lymphedema.57,58 Angiosarcomas or 
lymphangiosarcomas are potentially devastating but fortunately 
uncommon complications of long-standing lymphedema, occur-
ring in less than 1% of cases.59 Lymphangiosarcomas can be either 
sclerotic plaques or multicentric lesions with blue-tinged nod-
ules or bullous changes. Early detection and amputation can be 
lifesaving, but recognition of the condition is often delayed by a 
lack of awareness on the part of the patient and physician. Other 
 malignancies including lymphoma, Kaposi sarcoma, squamous 
cell cancer, and malignant melanoma have been reported in asso-
ciation with chronic lymphedema.

The hypertrophied limb with thickened skin seen in chronic 
lymphedema has little similarity to the edematous limb of deep 
venous insufficiency (see Chapter 55). In the latter case, a soft- 
pitting edema is prominent and seen in association with stasis 
dermatitis, hemosiderin deposition, and superficial venous vari-
cosities. The history and examination easily differentiate chronic 
lymphedema from venous disorders and other causes of limb 
swelling (see Fig. 58-4). Earlier in the presentation, however, it may 
be more difficult to distinguish lymphedema from venous disease, 
reflex sympathetic dystrophy, or other causes of limb swelling.

Myxedema can be characterized by lower-extremity edema 
that superficially resembles lymphedema. In hypothyroidism, 
edema arises when abnormal mucinous deposits accumulate in 
the skin. Hyaluronic acid–rich protein deposition in the dermis 
produces edema with resulting abnormal structural integrity and 
reduced skin elasticity. In thyrotoxicosis, this process is localized 
to the  pretibial region. Myxedema is characterized by roughening 
of the skin of the palms, soles, elbows, and knees; brittle, uneven 
nails; dull, thinning hair; yellow-orange discoloration of the skin; 
and reduced sweat production.

Lipedema is a condition that affects women almost exclusively, 
although it can be seen in men with a feminizing disorder. Edema 
is caused by accumulation of subcutaneous adipose tissue in 
the leg, with sparing of the feet. Although the pathophysiology of 
lipedema is uncertain, it does involve an increase of subcutane-
ous adipocytes with structural alterations in the small vascular 
 structures within the skin. Indeed, regional abnormalities of the 

circulation may cause the initial accumulation of fat in affected 
regions. The characteristic distribution, with sparing of the feet, 
should suggest the correct diagnosis. Absence of a Stemmer sign 
is an additional clue. Most often, lipedema arises within 1 to 2 years 
after the onset of puberty. In addition to the near-lifelong history of 
heavy thighs and hips, affected patients often complain of painful 
swelling. In addition, these individuals are commonly predisposed 
to easy bruising, perhaps a result of increased fragility of capillaries 
within the adipose tissue.

Diagnostic Modalities
Sometimes it is necessary to obtain more information about the 
nature and degree of lymphatic involvement when (1) the etiology 
of a swollen limb remains uncertain, (2) the diagnosis is evident 
but the etiology is unclear, or (3) a surgical drainage procedure is 
being considered.

LYMPHANGIOGRAPHY

Human lymphatics were first visualized in vivo by Hudack and 
McMaster at the Rockefeller Institute in 1933.1 They used one 
another as subjects to demonstrate superficial lymphatic plexuses 
along the forearm and inner thigh, using subcutaneous injection 
of vital dyes. In 1948, Glenn cannulated a lymphatic vessel in the 
dog hindlimb and injected contrast media to produce a lymphan-
giogram in the canine leg and groin.1 Subsequently, Servelle and 
Deysson visualized the lymphatics in patients with elephantia-
sis, using retrograde injection.1 Visualization of the dilated lymph 
channels, however, depended on partial or complete valvular 
incompetence. Direct contrast lymphangiography was developed 
by Kinmonth and coworkers in 1952.60 The technique involves 
identification of a distal vessel made visible by an intradermal 
injection of a vital dye into the metatarsal web spaces. The ves-
sel is isolated and cannulated, and iodinated contrast material is 
injected. Following the injection, the contrast material is visualized 
radiographically as it progresses proximally through lymphatic 
channels.

There are several drawbacks to the procedure, including fre-
quent requirements for surgical exposure in the edematous limb, 
microsurgical techniques to achieve direct cannulation, and occa-
sionally the need for general anesthesia.27 Of greater importance 
is the fact that the irritation caused by the contrast agent results 
in lymphangitis in one third of the studies and potentially can 
worsen the lymphedema.61 For these reasons, the use of lymphan-
giography as a diagnostic modality for the edematous limb has 
largely been abandoned and is contraindicated in patients with 
lymphedema.

LYMPHOSCINTIGRAPHY

Lymphoscintigraphy involves injection of radiolabeled macromol-
ecules, such as sulfur colloid or albumin, into the distal subcuta-
neous tissue of the affected extremity (e.g., dorsum of foot). The 
progress of the radionuclide through the lymphatic system is fol-
lowed by a radioscintigraphic camera. In primary lymphedema, 
channels are obliterated or absent; in a small percentage of cases, 
they are ectatic and incompetent. In secondary lymphedema, often 
with dilation of the vascular channels, the level of obstruction 
can be determined.62 In lymphedema of any cause, the proximal 
progression of the radionuclide is delayed, and its accumulation 
distally in the dilated channels of the dermis is manifested as a 
“dermal backflow” pattern (Fig. 58-5).

Lymphoscintigraphy is easier to perform than lymphangio-
graphy and is not reported to cause lymphangitis. It lacks the  
spatial resolution of lymphangiography; resolution is maximized 
by reducing the swelling of the extremity as much as possible 
before the study (reducing dilution of the radionuclide in stagnant 
lymph). Effective use of lymphoscintigraphy to plan therapeutic 
interventions requires an understanding of the pathophysiology of 
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 lymphedema and the influence of technical factors, such as selec-
tion of the radiopharmaceutical, imaging times after injection, and 
patient activity after injection on the images.63

COMPUTED TOMOGRAPHY

Computed tomography (CT) scans of a lymphedematous limb 
are characterized by a honeycomb pattern in the affected area.64 
Computed tomography cannot directly localize the level of 
obstruction.65 This technique can, however, provide insight into 
volume changes within various compartments visualized on 
cross-sectional images of the affected limb.66 The greatest utility 
of CT is its ability to distinguish some of the causes of secondary 
lymphedema (e.g., lymphoma, pelvic tumor). Certainly, the typi-
cal honeycomb pattern of lymphedema can be sought. In addi-
tion, elements of the differential diagnosis (venous obstruction, 
obesity, hematoma, ruptured popliteal cyst) can be further delin-
eated through CT images.

MAGNETIC RESONANCE IMAGING

Magnetic resonance imaging (MRI) is an alternative, and most likely 
superior, technique to image the soft tissues in edema.67 Among the 
discernible attributes by MRI are: cutaneous thickening with a hon-
eycomb pattern in the subdermis, dilated lymphatic channels (when 
present as a consequence of lymphangioma or lymph reflux), and 
dermal accumulation of free fluid with surrounding fibrosis. This 
technique has particular virtue in differentiating lymphedema from 
lipedema. In addition, more recently it has been demonstrated that 
nonenhanced three-dimensional (3D) heavily T2-weighted images 
obtained with two-dimensional (2D) prospective acquisition and 
correction has the capacity to visualize the thoracic duct, cisterna 
chyli, and lumbar lymphatics, at least in healthy volunteers.68

Treatment
MEDICAL THERAPY

Successful treatment of lymphedema requires close collabo-
ration between patient and physician. To that end, the physi-
cian should (1) carefully instruct the patient in the details of the 

 medical  program and (2) attend to the psychological impact of 
the disease. Associated emotional problems are not uncommon 
and are often neglected by physicians.24 The need to address 
the psychological aspects of long-term disfigurement, especially 
with  adolescent patients, cannot be overemphasized. In discuss-
ing these issues with the patient, the physician should be realis-
tic about the  possibility of progression but should emphasize the 
patient's  ability to  modulate the course of the disease by careful 
attention to the details of the medical program.

The physiotherapeutic approach to lymphedema has been 
termed decongestive lymphatic therapy. Meticulous attention to 
control of edema may reduce the likelihood of disease progression 
and limit the incidence of soft-tissue infections.69 The elements of 
this therapeutic approach have been designed to accomplish the 
initial reduction in edematous limb volume, maintain these thera-
peutic gains, and ensure optimal health and functional integrity 
of the skin.70,71 In addition to the acute reduction in limb volume 
that is attainable, a well-maintained therapeutic program has been 
demonstrated to accelerate lymph transport and enhance dis-
persal of accumulated protein. Decongestive lymphatic therapy 
integrates elements of meticulous skin care, massage, bandaging, 
exercise, and use of compressive elastic garments.

To hydrate and soothe the skin, water-soluble emollients should 
be applied in a consistent and diligent manner. For excessive 
hyperkeratosis, these emollients can be supplemented with appli-
cation of salicylic acid ointments. Where skin cracking is promi-
nent, meticulous attention to hygiene can be coupled with topical 
antiseptic agents.

The specialized massage technique for these patients (so-
called manual lymphatic drainage or therapy) is an empirically 
derived technique. Its goal is to enhance lymphatic contractil-
ity and to augment and redirect lymph flow through the unob-
structed  cutaneous lymphatics. Manual lymphatic drainage 
should not be confused with other forms of therapeutic massage 
that do not share this ability to augment lymphatic contractil-
ity and may in fact be detrimental to lymphatic function (e.g., 
athletic massages). The mild tissue compression during man-
ual lymphatic drainage results in enhanced filling of the initial 
 lymphatics and improves transport capacity through cutaneous 
lymphatic  dilation and development of accessory lymph col-
lectors.71 Typically, 8 to 15 consecutive daily sessions of manual 
lymphatic drainage are required to achieve optimal reduction of 
limb volume in a  previously untreated patient.

During this acute approach to volume reduction, nonelastic 
compressive bandages should be applied in multiple layers after 
each session of manual lymphatic drainage (Fig. 58-6). These are 
worn during muscular exertion (which is encouraged) to prevent 
reaccumulation of fluid and promote lymph flow during exertion. 
Multilayer bandaging can also help reverse skin changes, soften 
subcutaneous tissues, and reduce the degree of lymphorrhea 
when present. In the maintenance phase of lymphedema care, use 
of multilayer bandages is most often supplanted by daily use of 
compressive elastic garments.

Elastic support hose should be fitted to the patient's limb after 
edema in the extremity has been maximally reduced by compres-
sion and elevation.36 This is an important detail. The stocking or 
sleeve does not reduce the size of the limb but maintains the cir-
cumference to which it is fitted. However, if the limb is fitted for 
a stocking while in a swollen state, the limb will be maintained 
by the stocking in a swollen state. The prescription of compressive 
 garments is a necessary adjunct to all other forms of maintenance 
lymphedema therapy. Relatively inelastic sleeves, stockings, and 
underwear that transmit high-grade compression (40-80 mmHg) 
will prevent reaccumulation of fluid after successful decongestive 
treatments. Garments must be fitted properly and replaced when 
they lose their elasticity (every 3-6 months). In addition to stan-
dard fitted garments for upper and lower extremities, various addi-
tional appliances are now available. They provide the capacity to 
maintain limb volume during sleep, when the sleeve or stocking is 
removed, and during various forms of activity.

FIGURE 58-5 Bilateral upper-extremity lymphoscintigraphy is acco-
mplished by subcutaneous interdigital injection of radiolabeled sulfur 
colloid. Study illustrates absence of nodal uptake in right axilla, along with 
prominent “dermal backflow” in right forearm. These findings confirm diagnosis 
of unilateral lymphedema.
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Without guidance from the physician, some patients become 
sedentary in response to uncomfortable or heavy sensations in the 
affected limb. Reduced physical activity at work and home leads to 
apathy and malaise; that consequence can be averted by encour-
aging physical activity with proper support hose. Regular exercise 
appears to reduce lymphedema as long as elastic support (or 
hydrostatic pressure) is applied. Swimming is a particularly good 
physical activity for these patients because the hydrostatic pres-
sure of the surrounding water negates the need for compressive 
support.

Although the elements of decongestive lymphatic therapy were 
initially derived empirically, the efficacy of these interventions 
has now been demonstrated in numerous prospective observa-
tions.72–74 Long-term efficacy is particularly enhanced when 
there is attention to focused patient instruction in maintenance 
self-care.73

Various adjunctive treatment approaches have been investi-
gated. Of these, perhaps the most useful is intermittent pneumatic 
compression (IPC). Multichamber pneumatic devices are avail-
able that intermittently compress the limb; techniques that employ 
sequential graduated compression (in which the cuffs are inflated 
sequentially from distal to proximal sites with a pressure gradient 
from the most distal cuff to the most proximal) are the most effica-
cious.75 Pneumatic compression techniques cannot, however, clear 
edema fluid from adjacent noncompressed sections of the limb. 
Consequently, as fluid shifts occur during pneumatic compression, 
the root of the limb must be decompressed with the aforemen-
tioned manual techniques.

Incorporation of IPC into a multidisciplinary therapeutic 
approach has long been advocated empirically by some physio-
therapeutic schools.75 Individual reports of complications and lack 
of efficacy have reduced enthusiasm for the use of pneumatic com-
pression as stand-alone therapy. More recently, it has been demon-
strated that when IPC is used adjunctively with other established 
elements of decongestive lymphatic therapy, it enhances therapeu-
tic response, both in the initial and maintenance approaches to 
the patient. Pneumatic compression is well tolerated and remark-
ably free of complications.76,77 However, it must be stressed that 
any form of compressive therapy requires sufficient arterial blood 
supply to the limb. In cases where severe peripheral artery disease 
(PAD) coexists, any form of sustained compression can further 
 compromise arterial blood flow.

Other physical forms of therapy are under investigation. Low-
level laser therapy may be effective in postmastectomy lymph-
edema; in one small series, subjective improvement accompanied 
an objective documentation of improved bioimpedance and 
reduced extracellular and intracellular fluid accumulation.78 In 
other hands, such techniques as local hyperthermia or intraarte-
rial injection of autologous lymphocytes79 have independently pro-
duced favorable results. In the latter approach, it is postulated that 
regression of edema is linked to the expression of l-selectin, a lym-
phocyte-specific adhesion molecule.79 Observations in these pilot 
studies must be confirmed in larger controlled trials.

Additional standard treatment approaches are directed toward 
prevention and control of infection. Recurrent cellulitis and local 
infections pose a constant threat of exacerbation. Skin hygiene is 
essential. In addition to the application of emollients to the skin, 
trauma must be avoided (when ambulatory, the feet should be cov-
ered by slippers or shoes; a podiatrist should attend to nail care 
as needed). Fungal infections should be aggressively treated with 
topical antifungal agents. The patient should be instructed to take 
antibiotics at the earliest sign of cellulitis and should be given a 
prescription for a course of an oral semisynthetic penicillin or (for 
penicillin-sensitive patients) erythromycin. In lymphedema, acute 
inflammatory episodes may not elicit typical clearly demarcated 
erythematous skin responses or associated systemic evidence of 
infection. Nevertheless, these more subtle presentations should be 
treated aggressively with antibiotics. After a course of therapy, the 
edema once again responds to compressive therapy, and the ten-
derness resolves. Various broad-spectrum oral antibiotics can be 
used to good effect, particularly with attention to the spectrum of 
activity against streptococcal and staphylococcal species.

Other than antibiotic therapy where needed, pharmacotherapy 
has little role in the management of lymphedema. Diuretics, although 
widely prescribed for this chronic edematous condition, are rarely 
useful and may in fact be deleterious. On the other hand, in edema 
of mixed origin, diuretics may have a beneficial effect through their 
ability to reduce circulating blood volume and thereby reduce cap-
illary filtration. An understanding of the mechanisms inducing the 
proliferation of subcutaneous connective tissue and lymphedema 
may lead to more definitive treatment. Agents might then be designed 
to alter the relationship between the deposition and lysis of collagen 
fibers such that lysis is favored, thereby reducing fibrosis.5

Benzopyrones (coumarin, hydroxyethylrutin) represent a class 
of agents that have been reported to reduce volume in affected 
limbs, purportedly by stimulating tissue macrophages, which in turn 
increase interstitial proteolysis. Although initial trials appeared favor-
able,80,81 subsequent evaluation suggests that the therapeutic gains 
are small82; furthermore, the utility of coumarin is significantly ham-
pered by the risk of drug-related hepatotoxicity.83 An important ques-
tion left unanswered is whether coumarin is additive in its effects to 
the usual compressive measures. The agent is not yet approved by the 
U.S. Food and Drug Administration (FDA) for use in the United States.

Another experimental therapy is intralymphatic injections of 
steroids, which may help by inhibiting proliferation of connec-
tive tissue. Development of angiogenic steroids that have some tis-
sue specificity could make this a feasible approach. Alternatively, 
flavonoids such as hesperidin and diosmin have been employed 
to beneficial effect. Their use is supported by preclinical experi-
mental investigations that suggest the agents have the capacity to 
improve microvascular permeability and augment lymphatic con-
tractile activity. Extract of horse chestnut seed containing escin, a 
bioflavonoid, has been shown to reduce venular capillary perme-
ability and edema of lymphatic or venous etiology.

SURGICAL TREATMENT

Surgery is a last resort and only for selected cases. It should not be 
considered lightly. When the lymphatic obstruction is of a proxi-
mal type and the lymphatic channels distal to the obstruction are 
of adequate diameter, a drainage procedure is occasionally feasi-
ble under certain well-defined circumstances, and only by skilled 

FIGURE 58-6 Short-stretch multilayer compression bandaging in 
secondary lymphedema of the upper extremity.
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operators. Even then, successful drainage is gained in only about 
50% of cases and is often temporary.

Flaps of tissue rich in lymphatics have been implanted into 
the edematous region. In theory, if the lymphatic vessels in the 
flap remain functional, they eventually may anastomose with 
the surrounding lymphatics and provide an alternative path-
way for drainage from the edematous area. The myocutaneous 
flap (using latissimus dorsi) has been reported to be useful for 
the upper extremity, and the intestinal flap (enteromesenteric 
bridge) may improve drainage in the lower extremity.

Direct microsurgical anastomotic procedures also have been 
used.84 Lymphovenous anastomoses can be made between lym-
phatic vessels distal to an obstruction in nearby small veins; these 
allow lymph from the obstructed region to flow directly into the 
venous system. Anastomoses also can be made from the lymph 
nodes to the adjacent vein. One of the latest techniques involves 
harvesting normal autogenous lymphatic vessels for use as bypass 
grafts around a lymphatic obstruction. All these microsurgical 
techniques require the presence of dilated lymphatic vessels dis-
tal to the obstruction. These operations obviously are of no value 
when the lymphatic obstruction is at the level of the smaller dis-
tal vessels. The argument has been made, however, that lymphatic 
bypass operations should be performed as soon as possible 
after the onset of obstruction to avoid the cutaneous changes of 
chronic lymphedema, as well as the gradual destruction of the dis-
tal lymphatic channels. An appropriate candidate for such surgery 
would be an individual with a recent onset of lymphedema sec-
ondary to trauma and with an otherwise normal lymphatic system 
proximal and distal to the area of obstruction. In a recently pub-
lished large series of such appropriately selected patients, micro-
surgical lymphatic-venous anastomosis accomplished objective 
reduction of limb volume in 85% of cases.85

Reduction procedures have generally been employed for limbs 
that have become so bulky or unsightly they constitute a significant 
impairment to daily living. Such procedures are generally consid-
ered a patient's last resort and, by themselves, result in a limb that is 
scarred and disfigured, albeit more mobile. Reduction procedures 
involve resection of a portion of the skin and subcutaneous tissue 
and subsequent closure of the wound to reduce the limb diameter. 
Acute complications include wound infection or necrosis of the 
skin flaps; late complications include recurrent cellulitis or verru-
cous hyperplasia of the skin grafts. Swelling of the extremity is more 
likely to progress if recurrent bouts of cellulitis are not adequately 
controlled or if adequate compressive support is not provided 
postoperatively (the procedure does not correct the obstruction 
to lymph efflux). These limbs require lifelong compressive support 
and, because of their vulnerability to infection, fastidious attention 
to hygiene. Some of the most challenging patients cared for by a 
lymphedema center are those who have had aggressive reduction 
surgery, producing a painful mutilated limb that is immunocom-
promised and ravaged by recurrent fungal and bacterial infections.

Currently, medical therapy is directed at preventing complica-
tions and retarding progression of the disorder, whereas surgery 
is palliative. Of interest are recent reports of therapeutic success of 
liposuction in advanced stable lymphedema. Surgical liposuction 
of chronic postmastectomy lymphedema has been reported to pro-
duce excellent results, with sustained reduction of excess volume. 
In one series, an average long-term reduction of edema volume of 
106% was observed in 28 patients with an average edema volume 
of 1845 mL.52 Liposuction combined with long-term decongestive 
compression therapy reduces edema volume more successfully 
than compression therapy alone. However, the volume reduction 
is unsuccessful unless compression therapy is maintained after the 
surgical intervention.52

PROSPECTS FOR MOLECULAR THERAPY

Although many therapeutic strategies for lymphedema effectively 
reduce excess volume, minimize complications, and optimize func-
tion, the disease currently lacks a cure. For these reasons, there has 

been emphasis on the possible application of effective molecular 
therapies. Among these, the most exciting to date is therapeutic 
lymphangiogenesis, which is based on insights into the develop-
mental biology of the lymphatics.

Among the mitogenic substances that initiate and regulate 
the growth of vascular structures, those in the VEGF family play a 
central role.86,87 VEGF-C and VEGF-D direct the development and 
growth of the lymphatic vasculature in embryonic and postnatal 
life through binding to VEGFR-3 receptors on lymphatic endo-
thelia.88–90 Exogenous administration of VEGF-C upregulates the 
VEGFR-3 receptor, leading to a lymphangiogenic response,92 and 
in transgenic mice that overexpress VEGF-C, the lymphatic vessels 
demonstrate a hyperplastic proliferative response with secondary 
cutaneous changes.90

These molecular observations have shed light on the mecha-
nisms that contribute to disease expression in the most common 
heritable form of lymphedema, the autosomal dominant condition 
known as Milroy's disease. This disease has been linked to the FLT4 
locus encoding vascular VEGFR-3.26 Disease-associated alleles con-
tain missense mutations that produce an inactive tyrosine kinase, 
thereby preventing downstream gene activation. It is believed that 
the mutant form of the receptor is excessively stable as well as 
inactive, so the normal signaling mechanism is blunted, leading to 
hypoplastic development of the lymphatic vessels.93

The prospects for therapeutic lymphangiogenesis in human 
lymphedema have been underscored by the recent description 
of a mouse model of inherited limb edema based on mutations 
in the VEGFR-3 signaling mechanism and pathology that resem-
bles human disease.91 In this model, therapeutic overexpression 
of VEGF-C using a viral vector induces the generation of new func-
tional lymphatics and the amelioration of lymphedema. Similarly, 
in rodent models of acquired postsurgical lymphatic insuffi-
ciency (i.e., resembling postmastectomy lymphedema), exo-
genous administration of human recombinant VEGF-C restores 
lymphatic flow (as assessed by lymphoscintigraphy), increases 
lymphatic  vascularity, and reverses the hypercellularity that char-
acterizes the untreated lymphedematous condition94–97 (Fig. 58-7).

Intensive future investigation is necessary to verify the thera-
peutic potential of such approaches, as well as to establish dose-
response relationships and durability of the therapeutic response. 
As with other forms of angiogenic therapy, the relative virtues of 
growth factor (gene product) therapy versus gene therapy must 
be established.

Diseases of the Lymphatic Vasculature
Complex Vascular Pathology with Lymphatic 
Anomalies
There is a broad constellation of developmental anomalies of 
the arteriovenous circulation that concurrently distort lymphatic 
anatomy, function, or both. These mixed vascular deformities are 
best characterized by the dominant vascular anomaly, whether 
angiomatous, venous, or arteriovenous.20 The reader is referred to 
Chapter 64 for more on vascular anomalies.

KLIPPEL-TRÉNAUNAY'S SYNDROME

Klippel-Trénaunay's syndrome is the most common congenital 
venous anomaly to affect the entire limb. It is a congenital dis-
order in which varicose veins, cutaneous nevi, and limb hypertro-
phy are observed. Lymphedema is reported in 5% of these patients. 
It has been suggested that this syndrome reflects a generalized 
disturbance of mesodermal development, thereby engendering 
the commonly associated anomalies: bony overgrowth, soft-tis-
sue hypertrophy, syndactyly, hypospadias, and lymphatic hypopla-
sia. Treatment is generally restricted to meticulous skin care (e.g., 
hydration, protection from trauma), compressive therapy for the 
associated lymphedema and venous insufficiency, prevention 
of superficial bleeding from the varicose veins, and prophylaxis 
against DVT.



706

CH 
58

MAFFUCCI'S SYNDROME

Maffucci's syndrome is described as severe dyschondroplasia in 
association with multiple lymphangiomata (see later discussion). 
In this condition, lymphatic vasculature and nodes are typically 
hypoplastic.20

PARKES WEBER'S SYNDROME

Parkes Weber's syndrome is characterized by the presence of mul-
tiple arteriovenous fistulae (AVFs) with associated enlargement of 
the girth of a single limb. The condition can be ascribed at least in 
part to concomitant dilated tortuous lymphatics and consequent 
lymphedema. The pathophysiology of this disorder likely reflects 
the enormous increase in blood flow consequent to multiple arte-
riovenous fistulae; this increase in capillary filtration would then 
lead to an increase in lymphatic load, producing first vascular dila-
tation and, ultimately, insufficiency. Lymph reflux in the limb may 
lead to the appearance of lymph vesicles in the skin, which should 
be treated conservatively. We have had some initial success with 
percutaneous and intravascular catheter-based embolization of 
associated AVFs (unreported observations).

Proliferative Growth of Lymphatic Vascular 
Structures and Neoplasm
LYMPHANGIOMA

Lymphangioma is a developmental malformation first detect-
able in infants. Strictly speaking, these are not, despite their name, 
tumors. Rather, these lesions are composed of profuse numbers of 
dilated thin-walled lymphatic vascular structures. They can occur 
throughout the body, but are seen most commonly on the proximal 
extremities and at the limb girdle. Small clear vesicles are observed 
in the skin, sometimes with associated cutaneous bleeding. When 
these lesions are encountered in the setting of dyschondroplasia, 
the designation of Maffucci's syndrome is applied.

CAVERNOUS LYMPHANGIOMA AND CYSTIC HYGROMA

Cavernous lymphangioma and cystic hygroma are hamartomatous 
lesions that if not present at birth, appear within the first years of 
life. Like lymphangiomata, these lesions contain dilated lymphatic 
vascular structures. The cavernous lesions are typically found 
in the mouth, mesentery, and on the extremities; cystic hygro-
mas present in the neck, axilla, and groin. These lesions are often  
surgically resected to prevent complications.

LYMPHANGIOMATOSIS

Lymphangiomatosis is a rare developmental condition in which 
proliferation of lymphatic vascular structures involves  dermis, 
soft tissue, bone, and parenchyma in a diffuse manner. The 
organs most typically affected are liver, spleen, lung, and pleura. 

Associated lymphangiectasia can be observed in numerous addi-
tional organs including liver, kidney, testes, lymph nodes, adrenals, 
and intestines. Involvement of the viscera typically confers a poor 
prognosis. When chylothorax is present, repeated thoracentesis 
and pleurodesis is often required. In one small series, all patients 
died within 6 to 33 months of clinical presentation.98

LYMPHANGIOSARCOMA

Lymphangiosarcomas, malignant angiosarcomas that develop in 
association with lymphedema, develop as multicentric lesions that 
have a high propensity for systemic metastasis. The vast majority of 
such lesions have been observed in lymphedema patients that are 
breast cancer survivors with chronic significant edema. It is seen 
only rarely in other forms of lymphedema. Whatever the clinical 
substrate, the prognosis for survival is poor, even following radi-
cal amputation. The reader is referred to Chapter 64 for more on 
 vascular tumors.

Visceral Lymphatic Disorders
CHYLOUS REFLUX, CHYLOTHORAX, CHYLOUS ASCITES

When the lymphatics are incompetent, obstructed, or  hypoplastic, 
fluid has the capacity to reflux. In visceral disease, this fluid can be 
lymph or chylous lymph. The presence of chylous lymph denotes 
incompetence of lymphatic flow that extends to the level of the lacteals, 
at the point where they join the preaortic lymphatics and the cisterna 
chyli. The anatomical substrate of this problem can be either primary 
or secondary. In the former case, hypoplastic or dilated incompetent 
lymphatics reflect the inherited defect of lymphatic development; in 
secondary forms, thoracic duct obstruction occurs through surgical 
mishap, trauma, malignancy, or the damage created by filariasis.

Lymph or chyle reflux can occur directly into the lower limbs. 
The abnormal fluid drains directly from vesicles on the surface of 
the leg or on the genitalia. Variants of this same presentation can 
produce chylothorax, chylous ascites, chylous arthritis, and chylu-
ria. In general, if chyle is present in the refluxing body fluid, the 
therapeutic approach should include a fat-restricted diet with sup-
plementation of medium-chain triglycerides. If the response is not 
satisfactory, complete elimination of chyle from the fluid can be 
accomplished at least temporarily with total parenteral nutrition.

The prognosis for such presentations is not favorable. The natural 
history of reflux reflects the tendency for the condition to worsen 
with the passage of time. In some patients, there may be an episodic 
pattern of leakage with sudden exacerbations. Others experience a 
steady increasing tendency to lymphorrhea and reflux. In patients 
with the secondary form, an assiduous search for predisposing 
malignancy or extrinsic lymphatic obstruction should always be 
undertaken. In patients with the various forms of visceral involve-
ment, complex surgical interventions are sometimes required to 
mitigate the functional and symptomatic consequences of reflux 
into the serous cavities.

A B C

FIGURE 58-7 Postmortem histology (H&E 
stained frozen sections) of rabbit skin after 
recombinant human vascular endothelial growth 
factor (VEGF)-C therapy (A) and in untreated 
lymphedema (saline control) (B). Histology 
of normal skin specimen (C) is provided for 
comparison. Thickening of dermal and epidermal 
structures in untreated lymphedema is so profound 
that, in contrast to both normal and VEGF-C–
treated specimens, visualization of subdermal 
cartilage within the microscopic field is rendered 
impossible. All three panels were photographed 
at the same magnification (scale = 100 μm). (From 
Szuba A, Skobe M, Karkkainen MJ, et al: Therapeutic 
lymphangiogenesis with human recombinant 
VEGF-C. FASEB J 16:1985, 2002.)
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PROTEIN-LOSING ENTEROPATHY

The presence of visceral lymphatic vascular disease can predis-
pose to a life-threatening form of metabolic insufficiency called 
protein-losing enteropathy. When chyle refluxes back into the villi 
as a consequence of the effective blockade of its passage into the 
central lymphatics, this condition engenders weight loss, diarrhea, 
and steatorrhea as protein, fat, calcium, and fat-soluble vitamins 
are malabsorbed. In addition to the secondary forms of lymphatic 
obstruction (usually malignant), the primary hypoplastic and lym-
phangiectatic disorders can also predispose to enteropathy; in 
these cases, lymphedema of an extremity often precedes or accom-
panies the appearance of the enteropathy. As with other forms of 
reflux, the initial therapeutic strategy should entail medium-chain 
triglyceride supplementation, with restriction of total dietary fat 
intake. Where the response to conservative therapy is insufficient, 
it has been suggested that systemic treatment with octreotide may 
help alleviate the severity of the disorder, although the mechanism 
of benefit is not entirely understood.99–102
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PART XVIII
MISCELLANEOUS

C H A P T E R  59   Vascular Infection
R. James Valentine, Mitchell M. Plummer

Vascular infection is a rare but serious problem associated with 
potentially disastrous complications. Considering the numer-
ous episodes of bacteremia humans experience in a lifetime, it 
is somewhat surprising that vascular infection is so uncommon 
in the general population. Resistance to infection is attributable 
to a number of teleological mechanisms, many of which can be 
conveniently grouped into immune, architectural, and anatomi-
cal themes. The reticuloendothelial and immune systems rapidly 
clear organisms from the circulation, providing excellent first-line 
protection against bloodborne invasion. The continuous endothe-
lial cell (EC) lining of the arterial tree represents an important 
barrier to organism invasion. The tough adventitial outer lining 
and the deep anatomical location of most arteries make external 
penetration unlikely. There are many other resistance mechanisms 
related to arterial wall function that are considered elsewhere in 
this text. Overall, resistance to vascular infection is comprehensive, 
redundant, and efficient.

The presence of arterial infection implies profound homeo-
static failure. Risk factors include arterial injury, underlying arterial 
pathology, EC dysfunction, immune deficiency, and the presence 
of a foreign body, such as prosthetic graft material. Prosthetic graft 
infections are far more common than primary arterial infections, 
and there are important differences in presentation, treatment, and 
outcome between the two. This chapter describes current concepts 
of vascular infection, considering primary arterial infections and 
secondary graft infections separately. The continuously evolving 
experience in both areas promises better understanding of preven-
tion and treatment of these difficult problems.

Primary Arterial Infections
The first published experience with primary arterial infection is 
generally credited to Koch, who reported a patient with a rup-
tured superior mesenteric artery (SMA) aneurysm in 1851.1 
Arterial infections were not well appreciated before this time 
because the basic tenets of bacteriology and infection were not 
yet developed. Breakthroughs in human bacteriological research 
by Pasteur and others in the mid-19th century set the stage for a 
basic understanding of the pathophysiology and classification of 
vascular infections.

Classification and Etiology
Nearly all primary arterial infections result in the formation of 
aneurysms or pseudoaneurysms. Osler coined the term mycotic 
aneurysm in 1885 to describe infected aortic arch aneurysms con-
taining “fresh fungal vegetation” in a patient who had concomitant 
aortic valve vegetations.2 While “mycotic” aneurysms apply only to 
the subset of individuals with infected aneurysms caused by septic 
emboli, the term has been loosely applied to include all infected 
aneurysms, regardless of etiology. This practice is confusing and 
prevents meaningful comparison of the numerous small series of 
infected aneurysms reported in the modern literature.

The most widely accepted classification of arterial infections was 
introduced by Wilson et al. in 1978.3 In keeping with the traditional 
definition introduced by Osler, the authors classified a mycotic aneu-
rysm as one that occurred in an otherwise normal, nonaneurysmal 
artery as a result of septic emboli of endocardial origin. A preestab-
lished aneurysm that became infected as a result of bacteremia is 
classified as an infected aneurysm. Microbial arteritis refers to infec-
tion of a normal or atherosclerotic (i.e., nonaneurysmal) artery 
that has become infected as a result of bacteremia. This most often 
results in rupture with formation of a pseudoaneurysm. Traumatic 
infected aneurysms include infected aneurysms due to trauma or 
iatrogenic injury (e.g., complications of arteriography). Contiguous 
arterial infection is due to direct extension of an adjacent infection 
into the wall of the artery, such as infected aortitis associated with 
vertebral osteomyelitis. The specific classification based on etiology 
will be acknowledged wherever appropriate in this chapter. However, 
for purposes of clarity and simplification, the generic term infected 
aneurysm will be applied to include all arterial infections discussed.

The etiology of infected aneurysms has changed in the past 
150 years. In the pre-antibiotic era, 86% of patients with arterial 
infections had evidence of endocarditis.4 Following widespread 
use of antibiotics, the incidence of infective endocarditis has rel-
egated the true mycotic aneurysm to a rare entity. In 1984, Brown 
and associates reported a collective series of infected aneu-
rysms based on a search of the English literature.5 The etiology 
could be determined in 75% of the 180 subjects. The authors sep-
arated the reported experience into cases occurring before 1965 
and those occurring since that time. Accuracy of the results suf-
fers because of important differences in diagnosis and reporting 
frequency between the two periods. Nevertheless, this collective 
experience remains the largest comparative analysis of infected 
aneurysms to date. In the earlier part of the series, endocardi-
tis was still the leading cause of infected aneurysms, but arte-
rial trauma of all types became the leading cause after 1965. The 
authors attributed this etiological shift to a substantial change in 
the pattern of antibiotic use for treatment of sepsis and trauma.5 
Other explanations include an increased prevalence of intrave-
nous drug abuse and the widespread application of transarterial 
interventional procedures. The increase in interventional pro-
cedures was particularly notable after the pioneering work of 
Grunzig and others in the 1970s. The enthusiasm for endovascu-
lar technology seen in recent years suggests that arterial trauma 
may soon become an even more important cause of arterial 
infection.

Pathogenesis of Infected Aneurysms
The basic mechanisms leading to formation of infected aneurysms 
have been studied most extensively in the abdominal aorta. Chronic 
uninfected abdominal aortic aneurysms (AAAs) are thought to 
form as a result of both destruction of medial elastin and adventi-
tial collagen (see Chapter 37).6 Elastolytic matrix metalloprotein-
ases (MMPs) play a central role, leading to initial aortic dilation.6 
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Collagenase MMP leads to collagen failure that eventually leads to 
gross enlargement and eventual rupture of the AAA. The extensive 
transmural infiltration typically seen in noninfected AAAs suggests 
that inflammation and immune responses play a significant role 
in AAA formation.7 Interestingly, infectious causes have also been 
postulated: histochemical studies have demonstrated that as many 
as 55% of AAAs harbor Chlamydia pneumoniae.7 Thus, it appears 
that infected and noninfected AAAs may represent two ends of the 
same spectrum, with progression to infection depending on organ-
ism virulence and host resistance.

A number of important clinical differences have been noted 
between infected and uninfected aneurysms of the abdomi-
nal aorta. In contrast to chronic AAA, infected AAAs follow a 
more rapid course, have a predilection for the suprarenal aorta, 
and may be isolated to a small segment of an otherwise normal 
aorta. Recent studies have revealed a number of interesting find-
ings related to the etiology of infected AAA. First, Buckmaster et al. 
have shown that elastolytic activity is derived from host leukocytes, 
not from the infectious organisms.8 However, infectious organisms 
play a central role in collagen degradation. Many bacterial isolates 
produce collagenases,9 and bacteria are capable of activating the 
collagenase promoter in macrophage-like cells.10 Furthermore, a 
variety of bacterial proteases activate MMP-1, MMP-8, and MMP-9.9 
Therefore, infected AAAs appear be the consequence of bacterial 
proteases causing rapid collagen breakdown in a previously nor-
mal aorta.9 The collagenase activity may be relatively localized, 
leading to formation of a saccular AAA or pseudoaneurysm in an 
otherwise normal appearing vessel. Collagenase activity may also 
be intensive, which may explain the rapid course associated with 
infected AAAs. The reason infected AAAs are predisposed to the 
suprarenal aorta has not been elucidated.

Pathological findings of infected aortic aneurysms have been 
described by Hsu and Lin.11 Typical findings included aortic ath-
erosclerosis, acute suppurative inflammation, neutrophil infiltra-
tion, and bacterial clumps. Two thirds of patients in their series 
showed acute inflammation superimposed on severe chronic ath-
erosclerosis; the remainder showed atherosclerosis with chronic 
inflammation or pseudoaneurysms.

Anatomical Location
In their classic 1984 study, Brown and associates documented  
243 infected aneurysms in 180 patients in the following distri-
bution: 38% femoral artery, 31% abdominal aorta, 8% SMA, 7% 
brachial artery, 6% iliac artery, 5% carotid artery, 3% ulnar/radial 
arteries, 1% hepatic artery, less than 1% subclavian artery, and less 
than 1% popliteal artery.5 Notably, there were no cases involving the 
suprarenal or thoracoabdominal aorta in this series. More recent 
reports have documented a much higher prevalence of infected 
aortic aneurysms involving the segments proximal to the renal  
 arteries,12–15 suggesting the aorta is the most frequent site of involvement.

Bacteriology
Approximately 75% of clinically infected aneurysms are associated 
with positive culture results.5 There have been significant shifts in 
the bacteriological patterns of infected aneurysms that have paral-
leled the changes in etiology. Prior to 1960, gram-positive organisms 
predominated, particularly Streptococcus pneumoniae, Streptococcus, 
and Staphylococcus aureus.3 More recent series have reported a 
higher prevalence of gram-negative organisms, paralleling the increas-
ing number of arterial infections due to bacteremia, particularly 
Salmonella species.13,16 Gram-negative sepsis in elderly patients is a fre-
quent clinical scenario in these circumstances.17 It appears that the 
bacteriological pattern is continuing to evolve: several reports have 
identified S. pneumoniae as an increasingly frequent cause of infected 
aortic aneurysms.14,18,19 The prevalence of organisms associated with 
opportunistic infections such as fungus and Mycobacterium species 
may also be on the rise owing to the increasing prevalence of chronic 
diseases associated with impaired immunity.

Salmonella infections deserve special emphasis. For uncer-
tain reasons, Salmonella organisms have a tendency to infect the 
abdominal aorta. Up to 36% of all infected aneurysms of the aorta 
are due to Salmonella species; conversely, 65% of Salmonella 
vascular infections are localized to the aorta.20 Humans become 
infected by ingestion of contaminated food or water. Of the patients 
who develop Salmonella gastroenteritis, a small proportion will 
develop bacteremia that may result in extraintestinal seeding and 
infection. The interval between the onset of gastrointestinal symp-
toms and development of aortic infection may be several weeks.20 
Diagnosis can be difficult because the signs and symptoms are 
nonspecific: more than half of patients have ruptured aneurysms 
before the diagnosis is made.20 Common isolates from aortic wall 
specimens have included Salmonella choleraesuis, Salmonella 
typhimurium, and Salmonella enteritidis. Salmonella aortitis is an 
extremely morbid condition that has historically been associ-
ated with mortality rates of 50% and a high rate of reinfection after 
revascularization.20 However, this trend appears to be reversing: in 
a more recent series, Hsu et al. documented an 11% mortality rate 
and showed that Salmonella was a predictor of survival compared 
to other microorganisms.21 Much of this effect may have been due 
to the fact that the Salmonella infected patients in this series were 
significantly younger than patients who died with other infections.

Syphilitic aneurysms, once a common cause of death due to 
aortic arch rupture, are now very rare. In a review of the literature 
on infected aortic aneurysms, Leon and Mills reported that syphi-
litic aneurysms occur most commonly in the ascending and arch 
aorta; they are uncommon below the sixth vertebral body.22 These 
aneurysms result from the intense inflammatory response associ-
ated with the treponemes that lodge in vasa vasorum.

Infected Aortic Aneurysms
The definition of aortic aneurysm infection has been confounded 
by the fact that 10% to 15% of patients with uninfected chronic 
AAA will have positive culture results from intraluminal thrombus 
removed at the time of aneurysm repair. Fortunately, positive cul-
ture results are not associated with an increased risk of late graft 
infection.23,24 However, this underscores the fact that the definition 
of infected AAA relies on other criteria such as operative findings 
(inflammation and purulence), clinical symptoms (fever, pain, leu-
kocytosis), aneurysm architecture (saccular or localized), and pos-
itive aneurysm wall culture.13

Modern series of infected aortic aneurysms reveal that the major-
ity of affected patients have comorbid conditions associated with 
immunosuppression such as diabetes, chronic renal failure, chronic 
steroid use, human immunodeficiency virus (HIV), or cancer.13,25 
Nearly 50% of patients have had a recent documented infection 
such as pneumonia or urinary tract infection,13 and several reports 
have documented direct extension of vertebral osteomyelitis.14,26,27

Features
Infected aneurysms of the aorta may involve any segment from 
the ascending arch to the distal infrarenal area. In a series of  
43 patients with infected aortic aneurysms treated at the Mayo 
Clinic over a 25-year period, Oderich et al. documented a wide dis-
tribution of lesions.13 No segment of the aorta was spared. As can 
be seen in Figure 59-1, 40% of infected aneurysms were localized to 
the infrarenal aorta, and the remaining lesions were almost evenly 
distributed in the juxta/pararenal, paravisceral, thoracoabdominal, 
and descending thoracic segments. A similar distribution has been 
observed by others.14,28,30

The majority of aortic infections can be classified as bacterial aor-
titis.11 Most lesions are saccular and well localized in an otherwise  
normal-appearing aorta (Fig. 59-2). This appearance is highly sugges-
tive of a ruptured aortic pseudoaneurysm, which is pathognomonic 
for aortic infection. In a minority of cases, infection of a preexisting 
aortic aneurysm may make diagnosis difficult.  In these circumstances, 
suspicion of infection is completely reliant on clinical information.
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Diagnosis
The majority of patients with infected aortic aneurysms are 
 symptomatic. In the series by Oderich et al., 93% of patients had 
symptoms, the most common of which were fever, back pain, and 
leukocytosis (Table 59-1).13 Blood cultures are positive in approxi-
mately 75% of cases.13 The degree of symptomatology may be an 
important indicator of prognosis. Recent data suggest that the    

systemic inflammatory response syndrome (SIRS), a marker for 
sepsis, is associated with increased morbidity and mortality in 
patients with infected aortic aneurysms.14,29 Diagnostic criteria for 
SIRS include the presence of two or more of the following: body 
temperature above 38 °C or below 36 °C; heart rate over 90 beats/min; 
respiratory rate over 20 breaths/min or a partial pressure of carbon 
dioxide in arterial blood (Paco2) less than 32 torr; and white blood 
cell (WBC) over 12,000 cells/mm3, less than 4000 cells/ mm3, or 
10% immature (band) forms.29

Diagnosis of infected aortic aneurysms relies on a number of 
imaging techniques. The presence of a saccular aneurysm in a 
patient with typical symptoms is pathognomonic, and the diag-
nosis is confirmed if blood cultures are positive. Gas bubbles and 
periaortic fat stranding on magnetic resonance imaging (MRI) or 
enhanced computed tomography (CT) scans are also diagnostic 
for infection (Fig. 59-3) but are not universally present. More sub-
tle signs include periaortic stranding, proximity to abnormal fluid 
collections or nearby infections such as vertebral osteomyelitis, 
and rapid aneurysm expansion over several days.15 Indium-111-
labeled WBC scans have been used in some patients, but the 80% 
sensitivity and specificity of this test suggest that it has limited 
usefulness. Angiography has been recommended to localize the 
infection and plan appropriate operative treatment in all patients. 
As an alternative, newer imaging techniques such as CT angiog-
raphy (CTA) can be used to assess periaortic tissues, localize the 
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FIGURE 59-1 Distribution of infected aortic aneurysms in a series of  
43 patients treated at the Mayo Clinic. (From Oderich GS, Panneton JM, 
Bower TC, et al: Infected aortic aneurysms: aggressive presentation, complicated 
early outcome, but durable results. J Vasc Surg 34:900, 2001, with permission from the 
Society for Vascular Surgery and the American Association for Vascular Surgery.)13

FIGURE 59-2 Arteriogram of infected aneurysm in infrarenal 
abdominal aorta. Note saccular shape of pseudoaneurysm and normal 
appearance of aorta above and below the lesion.

NO. PATIENTS (%)

Symptomatic 40 (93)

Fever 33 (77)

Pain (abdominal or back) 28 (65)

Leukocyte count >12,000/mm3 23 (54)

Chills 22 (51)

Sweats 12 (28)

Enlarging aneurysm 12 (28)

Nausea/vomiting or diarrhea 10 (25)

Pulsatile mass  7 (16)

Hemodynamic instability  3 (7)

TABLE 59-1
  Clinical Presentation and Laboratory Findings 

in 43 Patients Treated at the Mayo Clinic for 
Infected Aortic Aneurysms

Adapted from Oderich GS, Panneton JM, Bower TC, et al: Infected aortic aneurysms: aggressive 
presentation, complicated early outcome, but durable results. J Vasc Surg 34:900, 2001.13

FIGURE 59-3 Enhanced computed tomography (CT) scan 
demonstrating gas bubbles and periaortic fat stranding suggestive of 
an infected aortic aneurysm. (From Oderich GS, Panneton JM, Bower TC, et al: 
Infected aortic aneurysms: aggressive presentation, complicated early outcome, 
but durable results. J Vasc Surg 34:900, 2001, with permission from the Society for 
Vascular Surgery and the American Association for Vascular Surgery.)13
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infectious process, and evaluate vascular anatomy. This technique 
has the advantage of being minimally invasive compared to stan-
dard angiography, and it essentially combines two tests into one.

Clinical Course
The natural history of infected aortic aneurysms depends on the 
classification. The more common bacterial aortitis is associated 
with inexorable expansion of the pseudoaneurysm and eventual 
rupture. Rapid expansion over 2 to 3 days has been documented; 
in more than half of cases, the pseudoaneurysm has already rup-
tured at the time of diagnosis. Contiguous and traumatic infec-
tions of the aorta, also associated with pseudoaneurysms, have a 
similar natural history. Urgent repair of these lesions is always indi-
cated. Infections involving preexisting aortic aneurysms are rela-
tively rare, and the natural history is unknown, but because of the 
potential for rapid expansion and rupture as well as recurrent bac-
teremia, urgent repair is indicated for these lesions as well. Patients 
with true mycotic aneurysms have two problems: the aortic aneu-
rysm and the primary cardiac valvular lesion. Treatment may 
require extensive preoperative stabilization before the aneurysm 
is repaired.

Treatment
Treatment of infected aortic aneurysms is surgical. Although treat-
ment with broad-spectrum antibiotics may “sterilize” an infected 
aneurysm, the aneurysm still requires treatment because of the sig-
nificant risk of rupture. In a series of 22 high-risk patients treated 
with antibiotics but without resection, Hsu et al. reported that 50% 
had in-hospital mortality, and 59% of those who survived to leave 
the hospital died of aneurysm rupture in late follow-up.30

The urgent nature of infected aortic aneurysms cannot be over-
stated because of the potential for rupture with exsanguination. In 
a recent series, nearly half of all patients with infected AAAs had 
already ruptured at the time of surgery, including free ruptures in 
20%.31 Once the diagnosis is confirmed with appropriate imag-
ing, preoperative preparation should be completed as rapidly as  
possible—preferably within 2 or 3 hours. Patients with hemody-
namic instability should be transported immediately to the operat-
ing room. Stable patients should be admitted to an intensive care 
unit for rapid fluid repletion, institution of broad-spectrum intrave-
nous antibiotics, and placement of appropriate monitoring devices. 
Blood should be typed and crossmatched, and at least four units of 
packed red blood cells should be available in the operating room.

Surgical treatment of infected aortic aneurysms depends on 
the location and extent of the infection. The most common oper-
ation is ligation and débridement of the infected arterial seg-
ment, with revascularization of the lower extremities using grafts 
brought through uninfected tissues remote from the infected site 
(extra-anatomical bypass).28,32 For example, infected aneurysms of 
the infrarenal aorta can be treated with ligation of the abdomi-
nal aorta distal to the renal arteries and revascularization of the 
lower extremities using axillofemoral bypass grafts. However, proxi-
mal aortic aneurysms involving the renal arteries, visceral aorta, 
or descending thoracic aorta are much more complicated. These 
aortic segments require direct revascularization to preserve blood 
flow to the kidneys, intraabdominal organs, and the spinal cord. In 
these cases, aortic débridement with direct revascularization of the 
affected segment within the infected bed (in situ reconstruction) 
is appropriate.

In situ reconstruction has been performed with prosthetic grafts, 
but the reinfection rate of up to 20% makes this option unattractive 
except in patients who are unstable at the time of operation.33,34 
Prolonged administration of antibiotics is generally recommended 
in these patients.35 As an alternative, a rifampin-bonded gelatin-
impregnated Dacron has been recommended in patients with arte-
rial infections caused by susceptible organisms such as S. aureus36; 
however, these grafts are not effective against methicillin-resistant 
S. aureus or Escherichia coli infections.37 Additional  alternatives 

include human allografts and autogenous vein grafts. The mid-
term results of cryopreserved human allografts are encouraging: 
Brown et al. reported a series of 52 patients with infected aortas 
or aortic grafts who underwent replacement with cryopreserved 
allografts.38 At 20 months follow-up, three patients had graft throm-
bosis or stenosis, and one developed a recurrent ilioenteric fistula; 
the remainder had no evidence of aneurysmal change or reinfec-
tion. The experience with autogenous superficial femoral-popliteal 
vein (SFPV) grafts is also encouraging. Several small series attest 
to the negligible reinfection rates and excellent durability associ-
ated with in situ SFPV reconstruction.14,39 The early enthusiasm for 
this option is buoyed by excellent experience using the SFPV to 
replace infected prosthetic grafts of the aorta (see later discussion).

The modern enthusiasm for endovascular therapy has extended 
to infected aortic aneurysms. Several small series have suggested 
that placement of endografts in combination with long-term anti-
biotics represent definitive treatment of infected aortic aneu-
rysms with similar outcomes to open aortic repair.40,41 However, 
these data are countered by reports of a high rate of graft infec-
tion requiring removal, or extension of the aortic infection to 
more proximal segments.42,43 This appears to be a particular risk 
in patients with Salmonella infections. Therefore, we suggest that 
endovascular repair might be a good option to treat acute com-
plications from infected aortic aneurysms such as aerodigestive 
fistulas. However, these grafts should not be considered definitive 
treatment, and additional surgical therapy is indicated after resolu-
tion of the acute problem.42

Infected Femoral Artery Aneurysms
The superficial location of the femoral artery makes it an excel-
lent choice for access to the central arterial circulation, but it also 
provides a convenient route of access for drug abusers. Femoral 
artery infections tend to be extensive and are often associated with 
virulent organisms or those that are resistant to standard antibi-
otics. Proper treatment requires radical débridement and careful 
consideration of the options for revascularization. Errors in surgi-
cal decision often result in recurrent femoral artery infections, with 
disastrous complications.

Femoral Artery Infections Associated  
with Invasive Procedures
Compared to alternative approaches involving direct punc-
ture of the axillary artery or the abdominal aorta, the transfemo-
ral approach is associated with the lowest risk of complications. 
Modern results indicate that the overall arterial complication rate 
of transfemoral catheterizations is less than 1%; the risk of femoral 
artery infection is exceedingly rare.44,45 However, the increasing pop-
ularity of transcatheter techniques suggests that the absolute num-
ber of patients with catheter-related complications is likely to rise.

In an effort to reduce the incidence of pseudoaneurysms, many 
interventionalists use percutaneous closure devices to mechanically 
seal the arterial puncture site. Compared to manual compression, 
these devices have resulted in earlier mobilization and discharge of 
patients after arterial catheterization. However, these devices have 
been associated with a slightly higher risk of femoral artery infec-
tion. In a recent meta-analysis, Biancari et al. reported that the risk 
of access site infection is 0.6% after closure devices, compared to 
0.2% without closure devices.46 Risk factors for infection include 
diabetes, obesity, therapeutic intervention, and groin hematoma.

Primary femoral artery infections present as pseudoaneurysms. 
Common findings include pain at the puncture site, fever with chills, 
and a pulsatile groin mass. The onset of symptoms may be delayed 
up to several weeks after the original puncture. Gram-positive 
organisms predominate, especially S. aureus, but gram- negative 
bacteria are common isolates. Treatment involves institution of 
broad-spectrum antibiotics, débridement of the infected arterial 
segment, removal of all closure device material, and excision of 
grossly infected adjacent tissues. Direct revascularization with 
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autogenous saphenous vein has been associated with a high risk 
of reinfection and vein graft blowout.47 Alternatively, use of SFPV 
has been associated with excellent durability and resistance to 
infection in two small series.48,49 Simple ligation of the common 
femoral artery (CFA) may be preferable if the femoral bifurcation 
is uninvolved.50 If revascularization is necessary, the bypass should 
be routed through extra-anatomical tissues to avoid infected areas. 
A transobturator bypass is ideally suited to this situation.51

Femoral Artery Infections in Intravenous  
Drug Abusers
These complex lesions are extremely difficult to treat. In addition 
to the acute infection-related problems, many affected patients 
have serious comorbidities such as seropositivity for HIV and 
hepatitis B. Psychiatric disorders associated with chronic addic-
tion can cause these individuals to be notoriously unreliable, and 
most do not return for follow-up after hospital discharge. Therefore, 
most authorities recommend conservative treatment approaches 
that emphasize avoidance of reinfection and late complications.

Approximately three fourths of all admissions for accidental intra-
venous drug injections involve the lower extremity, and the femoral 
artery is the most common site of involvement.52 Most patients pres-
ent with a painful, pulsatile groin mass, often associated with over-
lying cellulitis. The most commonly cultured organism is S. aureus. 
Appropriate treatment involves ligation of the affected arterial seg-
ment to reduce the risk of hemorrhage and débridement of all 
grossly contaminated tissue to remove the septic focus. The advis-
ability of subsequent revascularization remains controversial.

Many authors recommend ligation without revascularization, 
even if this leads to amputation. Repeated use of superficial veins 
for drug injection eliminates available autogenous conduits, neces-
sitating the use of prosthetic material in many cases. The incidence 
of reinfection is extremely high in these circumstances, risking 
graft disruption and life-threatening hemorrhage.

Avoidance of revascularization rarely leads to amputation. 
Earlier reports documented an 11% amputation rate when one 
artery was ligated and a 33% amputation rate after triple-vessel liga-
tion.53 More recent reports suggest that the incidence of amputa-
tion is much lower. Ting and Cheng performed routine ligation in  
34 infected femoral pseudoaneurysms, including 24 that involved 
the femoral bifurcation.54 The mean postoperative ankle-brachial 
index was .43 after triple ligation and .52 with single-vessel ligation. 
Although 88% of patients had some degree of intermittent clau-
dication after discharge, there were no instances of delayed limb 
loss. Cheng and colleagues reported a similar rate of claudication 
after single- or triple-vessel ligation, but one patient (5%) required 
above-knee amputation.55 Mousavi et al. reported the results of fem-
oral artery ligation for infected pseudoaneurysms in 134 illicit drug 
users. There were no amputations in this series.56

Modern consensus is that infected femoral aneurysms in drug 
addicts are best treated with ligation alone. Most patients will suffer 
some degree of claudication, but the risk of early and late ampu-
tation is low. Immediate revascularization should be limited to cases  
in which no Doppler signal is detected at the ankle after femoral 
artery ligation.57 In the vast majority, staged revascularization should 
be considered in patients with limiting claudication after the infection 
has been completely cleared. The known propensity for prosthetic 
graft infection from a remote injection site suggests that autogenous 
tissue is preferable in these circumstances. In the absence of usable 
saphenous vein, the SFPV represents an excellent alternative.48

Infected Aneurysms of the Superior 
Mesenteric Artery
The SMA is the third most common site of visceral aneurysms 
from all causes, but it is the most common site for infected aneu-
rysms in the splanchnic circulation.58,59 Original studies from 
more than 20 years ago reported that approximately 60% of SMA  

 aneurysms had an infectious etiology,60 but this proportion appears 
to be decreasing. More recent series have reported an infectious 
etiology in 5% to 33% of reported cases.58,59,61 Infected SMA aneu-
rysms usually occur secondary to subacute bacterial endocardi-
tis, and the most commonly isolated organism is nonhemolytic 
Streptococcus.58,62

Most infected SMA aneurysms occur in patients younger than 
50 years; men and women are equally affected.58,60 Only 10% of 
patients are completely asymptomatic.58 Some degree of abdomi-
nal discomfort is present in two thirds, and up to half have a tender, 
mobile, pulsatile mass.60 Fever, nausea, vomiting, gastrointestinal 
hemorrhage, and jaundice may also be present.

Superior mesenteric artery aneurysms tend to occur within 5 cm 
of the SMA origin, but any segment may be affected. Aneurysms 
may be suspected when vascular calcifications are seen on plain 
radiographs of the abdomen. Diagnosis should be confirmed 
with appropriate imaging studies that also localize the extent of 
the aneurysm such as standard mesenteric angiography or CTA 
(Fig. 59-4). Most infected SMA aneurysms are single, with variable 
involvement of visceral branches.

The natural history of infected SMA aneurysms is one of progres-
sion and eventual rupture; in fact, rupture has occurred at the time 
of presentation in 38% to 50% of patients.58 Reported  mortality rate 
after rupture approaches 30%.61 Treatment includes  transabdominal 
exploration and ligation of the arterial segments proximal and dis-
tal to the aneurysm. Complete excision is  hazardous due to the 
proximity of the superior mesenteric vein and pancreas; therefore, 
débridement should be limited to exposed portions of the aneu-
rysm wall and to the aneurysm sac contents. In the vast majority 
of cases, extensive mesenteric collateralization preserves bowel 
viability after SMA ligation. Therefore, ligation with resection of 
short segments of nonviable intestine is almost always appropri-
ate. Direct revascularization is necessary in approximately 15% of 
cases. Bypass should be performed with autogenous tissue; we 
have found the SFPV to be an excellent alternative with superior 
patency compared to saphenous vein.63

Infected Carotid Artery Aneurysms
Infected aneurysms are rare in the extracranial carotid circulation. 
In a series of 67 carotid artery aneurysms treated over a 35-year 
period at the Texas Heart Institute, only one was infected.64 Most 
patients present with fever and a tender pulsatile neck mass. 
Medial deviation of the pseudoaneurysm may lead to clinical 

FIGURE 59-4 Computerized tomographic (CT) arteriogram demo-
nstrating an infected superior mesenteric aneurysm in a 32-year-old 
female with endocarditis.
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 findings  suggestive of a parapharyngeal mass. Before the antibiotic 
era, most carotid artery infections were the consequence of direct 
spread from pharyngeal infections. Most lesions are currently due 
to septicemia from bacterial endocarditis.

Gram-positive organisms, especially S. aureus and S. pyogenes, are 
common isolates from infected carotid aneurysms, but Salmonella 
infections have also been reported.65,66 Treatment involves ligation 
of all infected segments, even if this requires ligation of the internal 
and external carotid branches. Owing to the potential for graft dis-
ruption and exsanguinating hemorrhage, revascularization is rarely 
indicated. To prevent propagation of the internal carotid thrombus 
into the middle cerebral artery circulation, systemic anticoagula-
tion with warfarin is recommended. Anticoagulation should theo-
retically be continued until the thrombus becomes stable, a period 
not longer than 6 weeks. Although most patients can be expected 
to tolerate internal carotid ligation without sequelae, temporary 
occlusion with a balloon catheter should be performed in the 
preoperative period. Patients who develop neurological deficits 
during balloon occlusion should be considered for prophylactic 
extracranial-intracranial bypass through remote uninfected tis-
sues. As an alternative, some patients may benefit from hyperten-
sive therapy combined with hypervolemia and hemodilution.66 To 
decrease the risk of exsanguination during carotid exposure, Wales 
et al. have advocated staged repair using a covered endovascular 
stent to temporarily exclude the pseudoaneurysm before proceed-
ing to early definitive surgical management.67

Other Infected Aneurysms
Primary arterial infections of the upper extremity are rare and gen-
erally the consequence of arterial trauma. Infected aneurysms of 
the axillary, brachial, radial, and ulnar arteries have been reported 
most frequently in intravenous drug abusers, but these lesions are 
also seen after percutaneous catheterization for diagnostic proce-
dures. Infected radial artery aneurysms are frequently associated 
with indwelling catheters used for arterial monitoring. The most 
common isolates are gram-positive organisms, usually S. aureus. 
Patients may present with a tender mass and overlying cellulitis, 
but digital embolization has been the first manifestation in many 
cases. Treatment involves ligation of the arteries proximal and distal 
to the aneurysm, followed by excision of infected tissues. Following 
excision, single involvement of the radial or ulnar artery does not 
often require revascularization; collateral flow in the hand is usu-
ally adequate. However, revascularization may be required in rare 
cases of incomplete hand circulation. More proximal arteries 
should be revascularized using autogenous tissue such as saphe-
nous vein.

Aside from femoral artery aneurysms, infected aneurysms of the 
lower extremity are exceedingly rare. The vast majority of infected 
popliteal artery aneurysms are a consequence of septic emboliza-
tion from infective endocarditis.68 Mycotic aneurysms of the tib-
ioperoneal trunk and tibial vessels have also been reported. Most 
infections involve gram-positive organisms such as Streptococcus, 
but Salmonella species have been recovered in a significant num-
ber of recently reported cases. The most common presentation is 
rupture, although thrombosis with foot ischemia has also been 
described. Treatment involves excision of the infected arterial seg-
ment and revascularization using autogenous bypass grafts.

Prosthetic Graft Infections
Development of a prosthetic graft infection remains a daunting 
complication. Despite improvements in diagnosis and manage-
ment, modern morbidity and mortality rates remain prohibitively 
high. Even after successful treatment, the recovery from operative 
therapy is often prolonged, and many patients require extensive 
rehabilitation. Clinical diagnosis remains challenging, because many 
graft infections follow an insidious course. In fact, most patients will 
present with complications of latent graft infections such as graft 
occlusions or pseudoaneurysms months to years after  implantation.  

Despite the improvements in imaging modalities, radiological 
diagnosis remains exceedingly difficult. A high index of suspicion 
is required to diagnose graft infections prior to otherwise inevita-
ble catastrophic complications. Once the diagnosis is made, care-
ful operative planning is required to minimize the risk of loss of 
life and limb and to assure that recurrent infection does not occur.  
The advent of new endovascular approaches to the management of 
arterial disease has not eliminated the problem of graft infections; 
rather, these devices have created a new set of diagnostic and man-
agement challenges for surgeons and internists alike.

Risk Factors and Pathogenesis
The pathogenesis of graft infections is multifactorial and partly 
related to the site of implantation. Contamination prior to implan-
tation due to failed sterilization techniques or breaks in packag-
ing is thought to occur very infrequently. Likewise, gross breaks in 
sterile technique are rare. Most graft infections occur as a result 
of unrecognized bacterial contamination at the time of implanta-
tion. Exposure of the graft material to surrounding skin is a likely 
source; viable bacteria remain in the dermis of the skin despite 
antiseptic preparation.69 Graft contamination can also occur from 
remote infections such as cellulitis or pyelonephritis. Wet gangrene 
of a toe can increase the risk of infection in a prosthetic femoro-
popliteal bypass graft. Similarly, concurrent intraabdominal proce-
dures such as cholecystectomy or appendectomy can expose an 
aortic graft to the patient's enteric flora, thereby increasing the risk 
of graft infection.

A number of specific risk factors have been associated with 
aortic graft infections. Colonic ischemia following the repair of 
ruptured and nonruptured aortic aneurysms is associated with 
a high risk of graft infection due either to direct contamination 
or to hematogenous seeding from bacterial translocation.70 It has 
long been recognized that graft infections are more common after 
emergency repair of ruptured aortic aneurysms compared to elec-
tive operations.71 The emergent nature of ruptured AAA repair 
likely leads to inadvertent breaks in sterile techniques as the surgi-
cal team rushes to gain vascular control. In addition, patients pre-
senting with either acute occlusion of the aorta or rupture of an 
aortic aneurysm are at high risk to develop postoperative SIRS. This 
SIRS response leads to an initial production of a proinflammatory 
cytokine response followed by a compensatory antiinflammatory 
cytokine response. This response renders the patient immunocom-
promised and at risk for nosocomial infections. Theoretically, this 
immunocompromised state may contribute to the increased risk 
of graft infection by hematogenous seeding during episodes of 
bacteremia.

Aortic grafts are uniquely prone to primary bacterial coloniza-
tion at the time of aortic aneurysm repair. As already noted, many 
studies have demonstrated that the mural thrombus found in aneu-
rysms is frequently colonized with bacteria. Macbeth et al. found 
that up to 43% of arterial walls were culture-positive for bacteria 
at the time of surgery.72 In this series, all of the aortic graft infec-
tions (.9%) occurred exclusively in patients with positive aortic 
wall cultures. The most common isolate was Staphylococcus epi-
dermidis (71%) followed by Streptococcus species (13%) and 
other isolates (16%).72 Similarly, Buckels et al. in 1985 found that 
graft infection occurred more frequently in patients with positive 
cultures of aortic contents compared to those with negative cul-
tures.73 More contemporary studies have failed to confirm an abso-
lute association between positive aortic cultures and subsequent 
graft infections. Farkas et al. reported positive cultures in 37% of 500 
aortic aneurysms.24 However, only one patient with a positive cul-
ture developed a graft infection. In contrast, 6 of 296 patients with 
negative cultures developed aortic graft infections during follow-
up.24 Based on these observations, it is clear that colonization of 
the mural thrombus by bacteria plays, at most, a minor role in the 
pathogenesis of aortic graft infection. Results from more contem-
porary experiences may be due to the consistent use of periopera-
tive antibiotic therapy.



715

CH 
59

VA
sC

u
lA

R In
fEC

T
Io

n
Local and regional factors may also play a role in develop-

ment of graft infections. Use of groin incisions (e.g., aortobifemoral 
bypass) can more than double the risk of graft infection compared 
to aortic grafts that remain completely intraabdominal (e.g., aorto-
biiliac bypass or aortic tube graft repairs). This may be related to 
the local environment of the groin, an area associated with one of 
the highest concentrations of Staphylococcus species found on the 
body.69 In addition, dissection in the groin disrupts abundant femo-
ral lymphatics, leading to risk of lymph leak, groin wound break-
down, and direct graft contamination. Furthermore, the lymphatic 
system transports bacteria from distal sites of infection to the groin 
lymph nodes; opening these channels exposes the graft to poten-
tial contamination. Translocated bacteria have been demonstrated 
in animals and humans. In patients presenting with complex foot 
infections, positive lymphatic cultures at the time of amputation 
have been demonstrated in up to 20% of patients.74 Cultures of 
groin lymph nodes at the time of vascular reconstruction have 
revealed bacteria in 11%. However, these cultures do not correlate 
with subsequent groin wound infections.75

Recurrent operations in the same location, particularly the groin, 
represent a significant risk for graft infection. Repeated catheter 
access also increases the overall risk. Aortofemoral bypass grafts 
placed for treatment of occlusive disease, while durable, do throm-
bose and are frequently revised by either lysis or thrombectomy. 
Procedures used to reestablish flow through occluded grafts, 
whether surgical or endovascular, expose the graft to potential 
 contamination. It is common to find that patients with late graft 
infections have had multiple procedures to reestablish arterial 
flow through such grafts.

Graft material also plays a role in the pathogenesis of graft infec-
tions. The immune system responds to the foreign body by walling 
off the offending agent. The initial response is an acute inflamma-
tion, with influx of neutrophils followed by macrophages. These 
inflammatory cells produce cytokines and release proteases in an 
attempt to eliminate the foreign body. This initial response has a 
negative effect on bacterial survival; however, if the inoculum is 
large, some bacteria may survive. The graft interstices may offer a 
safe haven for bacteria and allow them to survive the initial inflam-
matory phase. After the acute inflammatory response, a reparative 
phase begins. This stage is characterized by fibroblasts depositing 
collagen in response to locally secreted cytokines. A resulting con-
nective tissue barrier shields bacterium from detection and obliter-
ation by immune competent cells. This results in a closed space for 
the bacteria to thrive and grow on exudative proteins existing in an 
acidic and ischemic environment. In the absence of infection, the 
reparative phase culminates in tissue ingrowth and incorporation 
of the graft. However, if bacterial colonization is present, the graft 
fails to incorporate, and chronic inflammation continues. Failure 
to incorporate may be due to fibroblast inhibition by the bacterial 
components found in the perigraft fluid.76 This results in the failure 
to obliterate the closed space around the graft and failure of incor-
poration. Bacteria are left to thrive in this closed space, eventually 
becoming an abscess. This can manifest as perigraft fluid that may 
express through incisions with sinus tract formation. In addition, 
the artery may be degraded at suture lines, resulting in pseudoan-
eurysm formation.

Clearly, multiple factors play a role in establishment of graft infec-
tions following vascular reconstructions. Despite this, the incidence 
of graft infection remains low, at less than 5% for all reconstructions. 
Vascular graft infections can be categorized into two general groups: 
aortic graft infections and graft infections following infrainguinal 
arterial reconstruction. These two broad groups can be further sub-
divided into prosthetic and autogenous graft infections. Virtually all 
graft infections following aortic reconstructions are prosthetic graft 
infections, but infection following infrainguinal reconstructions can 
occur in both autogenous and synthetic grafts. The anatomical con-
figuration of the graft and the material that composes the graft alter 
both the diagnostic and therapeutic modalities. Diagnosis and man-
agement of aortic and infrainguinal graft infections will be consid-
ered separately in the sections that follow.

Aortic Graft Infection
Over the last 2 decades, refinements in diagnosis and operative 
management of aortic graft infections have resulted in improved 
mortality and morbidity. Mortality during the early experience of 
aortic graft infection approached 50%, and limb loss rates were as 
high as 75%. With refinement in technique, the respective mortality 
and limb loss rates have decreased to 20% or less in many series.77

Incidence
The exact incidence of graft infection following aortic reconstruc-
tion is not precisely known because most series are retrospective 
and suffer from lack of inclusive follow-up. The best estimates sug-
gested that the incidence of graft infection following aortic recon-
structions ranges from 1% to 5%.77–79 More contemporary data can 
be abstracted from the U.K. Small Aneurysm Trial, a randomized 
study of AAA repair in patients with small aneurysms. Although 
this study did not directly report the incidence of aortic graft infec-
tion, a number of graft-related complications were documented. 
Three patients in the trial had late aortic rupture following AAA 
repair, and four patients died following development of aortoen-
teric fistula. Most of these complications can be assumed to rep-
resent complications from aortic graft infection and represent 2% 
of the total patients.80 The true incidence of aortic graft infection 
remains inadequately described, but most authorities agree the 
incidence is quite low and certainly less than 2% in the contem-
porary experience.

Classification
To better understand the pathogenesis and natural history of graft 
infections, classification systems have been developed. Wound com-
plications following vascular reconstruction were first classified by 
Szilagyi et al. in 1972.81 The authors characterized wound compli-
cations following prosthetic graft placement in terms of anatomi-
cal involvement. Grade I lesions involved only the dermis. Grade II 
lesions extended into the subcutaneous tissue without involvement 
of the graft, while grade III lesions involved the graft by direct exten-
sion.81 Grade III lesions can be considered technical problems asso-
ciated with wound closure. Certainly, local factors such as ischemic 
tissue play a significant role in wound infections, but they may be 
avoidable. This grading scheme is important only for early graft infec-
tions, which account for less than 1% of all graft infections.82 It does 
not take into account graft infections that present during late follow-
up after aortic reconstruction. This grading scheme is more relevant 
to infections that follow infrainguinal arterial reconstructions, which 
result most frequently from complications of wound infections.

More relevant to the understanding of aortic graft infection is 
the scheme developed by Bandyk, who categorized aortic graft 
infections according to time of presentation after graft implan-
tation.82 This classification scheme offers better insight into the 
origin of graft infections and is a better predictor of the type of 
bacteria that will be found infecting the graft. Bandyk defined an 
early graft infection as one that occurred less than 4 months after 
implantation, and late graft infections manifested after 4 months. 
Graft infections are subcategorized in terms of presentation: peri-
graft infection, graft-enteric erosion, and graft-enteric fistula. Most 
early perigraft infections represent the sequela of Szilagyi grade 
III wound infection; that is, extension of local wound infections to 
involve the graft. Remote sites of infection (e.g., wet gangrene) or 
immunosuppression are thought to play a minor role in early graft 
infections.82 The diagnosis of an early perigraft infection is usually 
obvious: most patients present with purulent drainage from the 
wound, signs of sepsis with bacteremia, acute pseudoaneurysm 
formation, or anastomotic disruption with hemorrhage. Early infec-
tions will be manifest almost exclusively in wounds located at or 
below the femoral level. These infections can be expected to con-
tain any one of a variety of organisms including gram-positive and 
gram-negative organisms. In contrast, late perigraft infections tend 
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to occur months to years following implantation. Most will present 
more than 1 year following implantation, and the majority result 
from S. epidermidis infection with biofilm production.

Bandyk further subdivided graft enteric fistulas into graft enteric 
erosions and graft enteric fistulas. Graft enteric erosions are aorto-
enteric communications that do not involve an anastomosis. Many 
affected patients do not have evidence of gastrointestinal bleed-
ing. These lesions appear late and are thought to be the result of 
erosion of the graft into a contiguous loop of bowel by mechan-
ical forces. Most graft enteric erosions occur in the body of the 
graft, and some consider the erosions to be a preliminary step in 
the process that ultimately extends to involve an anastomosis and 
leads to aortoenteric fistula. Bacterial cultures from these graft 
infections will yield predominantly gram-negative pathogens. Yeast 
is also a commonly isolate. Graft enteric erosions are attributed to 
inadequate retroperitoneal closure over the prosthetic graft at the 
time of aortic reconstruction. However, graft enteric erosions may 
be a manifestation of unrecognized perigraft infection. The infec-
tive process involves the overlying retroperitoneum with exten-
sion to the bowel and eventual graft enteric erosion. Mechanical 
forces and inadequate coverage of the graft likely contribute, but 
in the authors' opinion, most erosions are the result of latent peri-
graft infections. Regardless of the etiology, the graft associated with 
enteric erosion should be considered infected.

Graft enteric fistulas communicate with a vascular anastomo-
sis and present with gastrointestinal bleeding. These fistulas rarely 
occur in the early postoperative period. In contrast to erosions, 
graft enteric fistulas are the result of a perigraft infection that leads 
to anastomotic breakdown and pseudoaneurysm formation at a 
suture line. The pseudoaneurysm then erodes into the overlying 
bowel, leading to fistula formation and the potential for exsangui-
nating hemorrhage. Like erosions, cultures of graft enteric fistulas 
yield predominantly gram-negative enteric pathogens.

These classification systems are not all-encompassing. All aortic 
graft infections will not fall into a single category, but such systems 
serve as a useful guide and allow one to anticipate the pathogens 
likely to be encountered.

Etiology
Most aortic graft infections are thought to occur by direct contami-
nation or extension of adjacent infections. No good evidence exists 
confirming that bacteremia contributes to aortic graft infection in 
humans. However, there is ample evidence from animal studies that 
bacteremia can result in prosthetic graft infections.83,84 Antibiotic 
therapy during bacteremia in dog models prevents prosthetic graft 
infections.84 All these models consist of bacteremia immediately fol-
lowing graft implantation. In humans, bacteremia frequently occurs 
after aortic surgery, yet the rate of acute graft infection is very low. 
Bacteremia likely plays only a minor role in acute aortic graft infec-
tions. The role of bacteremia in late-occurring graft infection is not 
known, but it is thought to be a rare cause of late graft infection.

Should patients with vascular grafts receive prophylactic antibi-
otics before procedures associated with bacteremia, such as dental 
or genitourinary instrumentation? Although past case reports have 
suggested a possible association, there is little evidence to indicate 
that these procedures lead to graft infection. Late-occurring graft 
infections are caused only rarely by organisms found in mouth 
flora.85 Graft incorporation may act as a barrier to bacteremia and 
prevent late graft infections. In contrast to patients with prosthetic 
cardiac valves, current American Heart Association (AHA) guide-
lines do not recommend antibiotic prophylaxis after vascular graft 
placement for patients undergoing dental, respiratory, gastrointesti-
nal, or genitourological procedures.86

Clinical Presentation
The signs of aortic graft infection are highly variable. As noted previ-
ously, early graft infections can be easy to identify because they rep-
resent complications of wound infections. Affected patients usually 
present with induration and cellulitis at the wound, purulent wound 

drainage, and/or wound dehiscence with exposed graft. In patients 
with aortic reconstructions confined to the abdomen, presenting 
symptoms tend to manifest without wound involvement. Typical 
symptoms include failure to thrive, ileus, fever, elevated WBC count, 
or frank sepsis. Similarly, malaise, weight loss, and vague constitu-
tional symptoms may be the only manifestations of graft infection. 
Graft infections can be difficult to diagnose in these patients, and 
the diagnosis is often made fortuitously during workup of more com-
mon sources. Alternatively, the patient may present with pseudoan-
eurysm formation or catastrophic rupture of the aortic anastomosis.

Any patient with a wound infection overlying a prosthetic graft 
requires careful wound exploration. The authors examine these 
wounds in the operating room unless the infection manifests solely 
as cellulitis. Operative exploration is mandatory because the exte-
rior wound can be deceptive; only direct exploration can reveal 
that the infective process involves the body of the graft. Cellulitis 
with drainage requires exploration for an underlying abscess. In 
the operating room, the wound is explored and opened to the 
deepest depth of involvement. If the deep tissues are unaffected 
(Szilagyi grade II), most grafts are not contaminated.

The clinical presentation of late graft infection can be subtle. 
Latent graft infections can present as chronic femoral pseudoan-
eurysms. At repair, the graft will be poorly incorporated, with sur-
rounding perigraft fluid. These findings are considered diagnostic 
for graft infection and have been associated with positive cultures 
in 71% of cases.87 Lack of graft incorporation is more sensitive for 
graft infection; Padberg et al. found that 97% of incorporated grafts 
were not infected.87 Infection may be a primary process for the 
formation of anastomotic femoral pseudoaneurysm. Up to 60% of 
clinically uninfected femoral pseudoaneurysms will be culture 
positive at repair.88 The presence of a latent graft infection should 
be considered in all cases of femoral pseudoaneurysms. Another 
subtle sign of latent graft infection is graft thrombosis. This is par-
ticularly true if the graft has failed in the past, requiring revision 
either surgically or by thrombolysis. All patients with graft limb 
thrombosis or femoral pseudoaneurysms should have CT scan 
imaging of the graft to rule out infection prior to repair or revi-
sion. Hydronephrosis may also herald a latent graft infection.89 All 
patients with prior aortic surgery should have a CT to evaluate for 
latent graft infection when hydronephrosis is encountered.

Less subtle presentations of latent graft infections include drain-
ing sinuses from groin wounds (Fig. 59-5) and a history of bleeding 
from a groin pseudoaneurysm. Bleeding from the groin in the pres-
ence of a pseudoaneurysm is a surgical emergency and must be 
addressed immediately. Such bleeding episodes are herald bleeds 
and portend life-threatening hemorrhage if not dealt with expedi-
tiously. Graft infection may also present as gastrointestinal bleeding 
in a patient with prior aortic surgery. All such patients should be 
considered to have an aortoenteric fistula until proven otherwise. 
Rupture of a previously repaired aneurysm or pseudoaneurysm at 
the proximal anastomosis should be considered the sequelae of 
graft infection. An updated summary of the clinical manifestations 
of aortic graft infections in 187 patients with aortic graft infections 
treated at University of Texas Southwestern Medical Center is found 
in Table 59-2. This experience is similar to other published series.85,90

Diagnosis
Numerous modalities have been used to diagnose aortic graft 
infection, including CT, MRI, tagged WBC scans, ultrasound, sinog-
raphy, percutaneous aspiration, arteriography, and operative explo-
ration. Each method has inherent strengths and weaknesses, and 
often several tests are used in concert to assure accurate diagnosis.

COMPUTED TOMOGRAPHY SCAN

The CT scan remains the gold standard for diagnosis of aortic 
graft infections. Findings on CT that are suggestive of graft infec-
tions include loss of continuity of the aortic wrap (i.e., the residual 
native aortic wall closed over the graft at the time of repair), pseu-
doaneurysms, perigraft fluid, perigraft inflammation with loss of 
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 tissue planes, perigraft air, and focal bowel wall thickening. Presence 
of any of these findings is highly suggestive of aortic graft infec-
tion. Figure 59-6 demonstrates the presence of perigraft fluid in a 
patient with an infected aortic graft. The same patient was found 
to have bilateral femoral artery pseudoaneurysms (Fig. 59-7).  

The reported sensitivity and specificity of CT scans to diagnose all 
graft infections is 95% and 85%, respectively.91 Sensitivity and specific-
ity approaches 100% when findings of perigraft fluid, perigraft inflam-
mation, or ectopic gas are present.89,91 However, CT scanning may not 
be able to accurately diagnose subtle graft infections manifest solely 
by the presence of perigraft fluid. While CT imaging of low-grade aor-
tic graft infection has a specificity of 100%, the sensitivity is only 55%.89 
The other disadvantage of CT scanning is the requirement for intrave-
nous contrast. This may be contraindicated in patients with chronic 
renal insufficiency or dye allergies. However, the CT modality is read-
ily available, safe, inexpensive, and familiar to clinicians; it remains the 
imaging modality of choice for initial evaluation.

MAGNETIC RESONANCE IMAGING

The major advantage of MRI, in comparison to CT scanning, is the 
ability to diagnose small fluid collections and differentiate inflam-
matory changes from chronic hematomas. Perigraft fluid has low to 
medium signal intensity on T1-weighted images and high  intensity 
on T2-weighted images. Noninfected aortic grafts will have peri-
graft fibrosis without the characteristic bright fluid “halo” seen sur-
rounding infected grafts on heavily T2-weighted images. Tissue 
surrounding infected aortic grafts frequently exhibits heteroge-
neous increased signal intensity that is not seen in association 
with sterile grafts.92 Olofsson et al. found the sensitivity and speci-
ficity of MRI for diagnosing graft infections to be 85% and 100%, 
respectively.93 The ability of MRI to detect small fluid collections on 
T2-weighted images gives this modality a distinct advantage over 
CT scanning to diagnose low-grade S. epidermidis graft infections. 
The authors use CT scans as the initial imaging modality, and MRI 
is used to find latent graft infections not detected by CT.

RADIONUCLIDE SCANNING

Radionuclide scanning relies on labeled WBCs to localize areas 
of infection and inflammation. A variety of scanning techniques 
have been developed to aid in diagnosis. The major pitfall of such 
imaging techniques is false-positive results. Initially, gallium-67 and 
indium-111 were used without WBC labeling. The sensitivities and 
specificities of imaging with gallium and indium were quite high, 
but these tracers have been largely abandoned owing to uptake by 
the gastrointestinal tract and kidneys that obscures the aorta and 
makes analysis difficult. More recently, WBC labeling techniques 
have become the norm. Indium-111-oxine–labeled WBC scans 
have been found to be very sensitive (82%-100%) but have a lower 
specificity (80%-83%).94–96 The low specificity of this technique is 
due to co-labeling of platelets that can deposit on noninfected 
graft surfaces, resulting in an unacceptably high false-positive rate.

FIGURE 59-5 Draining sinus from the right groin in a patient with a 
late aortic graft infection.

CLINICAL MANIFESTATION NO. PATIENTS (%)

Open groin sinus 81 (43)

Femoral pseudoaneurysm 68 (36)

Constitutional/weight loss 61 (32)

Ischemia 52 (29)

Sepsis 40 (21)

AE erosion/fistula 26 (14)

Bleeding 23 (12)

TABLE 59-2
     Clinical Manifestations of Aortic Graft 

Infections* in 187 Patients: University of Texas 
Southwestern Medical Center Experience

AE, aortoenteric.
Adapted from Ali AT, Modrall JG, Hocking J, et al: Long-term results of the treatment of aortic 
graft infection by in situ replacement with femoral popliteal vein grafts. J Vasc Surg 50:30, 2009.124

*Many patients had more than one sign.

FIGURE 59-6 Computed tomography (CT) scan of patient with infected 
aortobifemoral bypass demonstrating presence of perigraft fluid. Arrow 
points to perigraft fluid.

FIGURE 59-7 Magnetic resonance imaging (MRI) with heavily 
T2-weighted images of patient with infected aortobifemoral bypass. 
Perigraft fluid is seen as a bright (white) signal surrounding graft (arrow). Note 
bright fluid “halo” surrounding infected graft.
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Other techniques have been employed in an attempt to increase 
the sensitivity of radionuclide scanning. These include labeling 
WBC with technetium-99 m hexametazime or technetium-99 m d,l-
hexamethylpropylene amine oxide (Tc-99 m-HMPAO). These tech-
niques are less expensive and do not suffer from the co-labeling 
problems seen with indium. Liberatore et al. reported a sensitivity 
for Tc-99 m-HMPAO of 100% and a specificity of 92%.97 Other tech-
niques included indium-111-labeled immunoglobulin (Ig)G and 
avidin/indium-111-labeled biotin scintigraphy.92 Both of these tech-
niques appear to have increased specificity compared to indium 
labeled WBCs, but the published experience has been limited. The 
role of radionuclide scanning is not entirely clear; some centers 
use radionuclide scanning as the primary mode of imaging for 
graft infections. Perera et al. have suggested that these scans are 
most useful when diagnosis by CT is equivocal or there is a low-
grade infection.77 Like all nuclear medicine imaging techniques, 
the results can be dependent on the skill and experience of the 
interpreting radiologist. The most rational approach is to use such 
scanning techniques as an adjunct to both CT scanning and MRI.

ULTRASOUND

Ultrasonography has a limited role in the diagnosis of aortic graft 
infection. Although ultrasound can accurately diagnose the pres-
ence of perigraft fluid (Fig. 59-8), the intraabdominal portion of 
grafts is not readily imaged. The primary utility of ultrasound is to 
diagnose femoral pseudoaneurysms and perigraft fluid around 
infrainguinal grafts or aortic grafts that extend to the groin.

SINOGRAPHY

Injection of draining sinuses associated with aortic grafts has been 
reported. A positive study will demonstrate contrast tracking from 
the sinus to fill a perigraft fluid collection around an unincorpo-
rated graft. The utility of such studies is not known, and it is doubtful 
such studies add any new information from what can be gleaned 
from CT or MRI. In addition, injection of contrast into an infected 
perigraft fluid collection could result in bacteremia or bleeding. 

Almost all draining sinuses after vascular prosthetic grafting rep-
resent external expression of an infection and, thus sinography is 
unlikely to yield any information not already known to the clinician.

PERCUTANEOUS ASPIRATION

Some authors have advocated percutaneous aspiration to confirm 
the diagnosis of a suspected graft infection.98,99 In the routine diag-
nosis of graft infection, this modality offers little additional infor-
mation beyond conventional noninvasive imaging techniques, and 
percutaneous aspiration can lead to introduction of bacteria into 
an otherwise sterile fluid collection. Percutaneous aspiration may 
offer some assistance in the high-risk patient to confirm the diag-
nosis prior to embarking on surgical repair. Concurrent placement 
of an external drainage catheter can be used as a therapeutic mea-
sure. Belair et al. reported a series of 11 patients treated with per-
cutaneous drainage and antibiotic therapy.98 In this retrospective 
series, four patients were successfully treated with percutaneous 
drainage and antibiotic therapy. The remaining patients required 
adjunctive procedures (two surgical drainage, four graft excision), 
and one patient died as a complication of hemorrhage following 
drainage.98 Percutaneous drainage with lifelong antibiotic therapy 
may be an option for the very high-risk patient who is not antici-
pated to survive graft excision.

ARTERIOGRAPHY

Arteriography has little role in the diagnosis of aortic graft infec-
tion. Unsuspected pseudoaneurysm may be uncovered on arterio-
graphy, but the images obtained will give little insight to potential 
infectious etiologies. However, arteriography is vital for preopera-
tive planning and should be obtained prior to any planned surgi-
cal therapy for infected grafts.

OPERATIVE EXPLORATION

In rare circumstances, there may be a high index of suspicion for 
graft infection, with no supporting evidence on imaging of graft 
infection. In such situations, operative exploration may be the only 
way to determine the presence of a latent graft infection.78 As noted 
earlier, the finding of a nonincorporated graft is not necessarily 
diagnostic for graft infection, but the finding of a  well-incorporated 
graft does rule out the diagnosis of infection. Operative exploration 
may most helpful in determining the extent of graft infection. If 
preservation of a portion of a graft is entertained, operative explo-
ration is often the only mechanism to determine whether a graft 
infection is isolated to a segment of the graft or the entire graft 
is infected. Careful preoperative planning is required before such 
operative explorations to ensure that noninvolved graft is not inad-
vertently contaminated.

Diagnostic Pitfalls with Early Graft 
Infection
Although most early graft infections are obvious, normal findings 
in the immediate postoperative period may be misconstrued as 
signs of graft infection. There is no good diagnostic solution in such 
cases. Fluid and air surrounding the graft are common findings in 
the early postoperative period and are not necessarily indicative 
of infection. The finding of air around the graft is seen routinely 
until 1 week following implantation; air is not considered to be 
pathognomonic for infection until 4 to 7 weeks have elapsed.100,101 
Likewise, fluid around the graft is a common finding. Virtually all 
patients will have some degree of hematoma around the graft in 
the early postoperative period, but fluid persisting past 3 months is 
abnormal and highly suspicious for graft infection.89

Magnetic resonance imaging evaluation for early graft infec-
tion suffers from the same pitfalls as CT scanning. Magnetic res-
onance imaging cannot distinguish between air and calcium in 
the wall aortic wall remnant and thus depends on the finding of 

FIGURE 59-8 Duplex ultrasound of femoral anastomosis in patient 
with infected aortofemoral bypass graft. Note hypoechoic rim surrounding 
graft, consistent with perigraft fluid (“halo” sign).
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perigraft fluid. Labeling of WBCs for scintigraphy is also unreliable 
in the early postoperative period. Ramo et al. found that 29% of 
Tc-99 m-HMPAO–labeled WBC scans were positive in 24 patients 
examined 2 weeks following surgery.102 At 3 months, 4 of 24 studies 
continued to be positive. Only one patient was ultimately found to 
have an infected graft. Sedwitz et al. found a similar lack of speci-
ficity for the diagnosis of early graft infection (<3 months) using 
indium-labeled WBC scintigraphy.103

Direct aspiration of perigraft fluid is not helpful in diagnosis of 
early graft infection and is not recommended in the early postoper-
ative period owing to the potential for introducing bacteria into an 
otherwise sterile fluid collection.92 Any of these imaging modalities 
may be helpful in the early postoperative period if they are nega-
tive. A negative study will lead the clinician to entertain other diag-
noses to explain the clinical findings that have raised the suspicion 
of an early graft infection. However, a positive study is not useful; 
the clinician will have to rely on judgment, and operative explora-
tion may be the only solution to this vexing clinical dilemma.

Diagnosis of Aortoenteric Fistula
The diagnosis of aortoenteric fistula can be as challenging as diag-
nosing an early graft infection. Any patient presenting with gas-
trointestinal hemorrhage and a history of aortic reconstruction 
should be considered to have an aortoenteric fistula until proven 
otherwise. Both MRI and CT can fail to diagnose graft enteric fis-
tulas. Magnetic resonance imaging can fail to clearly demonstrate 
ectopic air that may be misinterpreted as aortic wall calcifications. 
Computed tomography scanning may fail to diagnose fistulas 
because of limited inflammation or fluid around the graft, result-
ing in misinterpretation.92 If the patient is stable, either MRI or CT 
should be obtained. Concerning findings are absence of a soft-tis-
sue plane between adjacent bowel and the graft, as well as ectopic 
air or perigraft fluid. Extravasation of contrast into the bowel is vir-
tually never seen. All stable patients should undergo upper endos-
copy to include the fourth portion of the duodenum. Endoscopy 
rarely demonstrates visible graft, but endoscopy should be per-
formed to rule out other causes of upper gastrointestinal hemor-
rhage, such as peptic ulcer disease or gastroesophageal varices. 
Colonoscopy may be indicated in selected patients suspected of 
having graft erosions into the colon (Fig. 59-9). In unstable patients 

or patients in whom no other source of bleeding is found, operative 
exploration is needed to rule out graft-enteric fistula. During explo-
ration, the entire duodenum and any other adherent bowel must 
be entirely dissected free to rule out a fistula.

Bacteriology
A wide variety of bacterial pathogens can be cultured from 
infected grafts. The type of pathogen that will be isolated can be 
anticipated from the timing of presentation. The culture results 
from Yeager and colleagues' experience treating 60 infected 
grafts104 are typical and presented in Table 59-3. In late-occurring 
graft infections, staphylococcal species are predominant, with  
S. epidermidis found most frequently. Bandyk et al. reported that 60% 
of late-occurring graft infections were culture positive for S. epider-
midis.105 Although the most commonly cultured organism respon-
sible for early graft infection is S. aureus,106 early graft infections 
will have a higher frequency of gram-negative rods and atypical 
organisms such as anaerobes and yeast. Aortoenteric fistulas and 
graft erosions are characterized by gram-negative rod and yeast 
infections. Pseudomonal infections are notorious for their virulent 
course. Graft and arterial disruption are common. This is related 
to production of elastase and alkaline proteases by Pseudomonas, 
leading to arterial degradation and eventual disruption.69 Time of 
presentation of the graft infection and the pathogens found at the 
time of therapy will guide antibiotic therapy.

Optimal length of treatment with antibiotics after graft exci-
sion is not known. Some authorities have recommended a 6-week 
course of parenteral antibiotics followed by 6 months of suppres-
sive therapy to treat concurrent arterial wall infection.72 Macbeth 
et al. based his treatment decision on cultures from pathological 
specimens and aortic biopsies at the time of infected graft exci-
sion.72 Patients with positive arterial wall cultures who were treated 
with only minimal débridement and short-term antibiotics all suf-
fered aortic stump disruption or other arterial wall disruption. 
Consequent to these findings, the authors advocated 6 weeks of 
parenteral antibiotics, followed by 6 months of oral suppressive 
therapy in patients with positive arterial wall cultures.

Our practice has been to administer a brief period of perioperative 
antibiotics after graft excision and autogenous superficial  femoral/
popliteal vein (SFPV) reconstruction (see later discussion). We do 
not routinely treat patients for 6 weeks with parenteral antibiotics. 

FIGURE 59-9 Colonoscopy in patient with suspected graft enteric 
erosion, showing visible graft material in sigmoid colon.

ORGANISM NO. CASES (%)

Staphylococcus aureus 14 (44)

Staphylococcus epidermidis 14 (44)

Bacteroides  3 (9)

Escherichia coli  2 (6)

Streptococcus  2 (6)

Klebsiella  1 (3)

Pseudomonas  1 (3)

Enterococcus  1 (3)

Clostridium  1 (3)

Serratia  1 (3)

Candida  1 (3)

Corynebacterium  1 (3)

Propionibacterium  1 (3)

No growth  2 (6)

Multiple organisms 10 (31)

TABLE 59-3    Cultures from Infected Aortic Grafts  
in 32 Patients

Adapted from Yeager RA, Taylor LM Jr, Moneta GL, et al: Improved results with conventional 
management of infrarenal aortic infection. J Vasc Surg 30:76–83, 1999.104
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With autogenous replacement and adequate operative débridement 
of the infected perigraft tissue, long-term antibiotic therapy does not 
appear to be necessary. We have experienced one reinfection in a 
patient culture positive for Candida. In our practice, only patients with 
virulent infections such as Pseudomonas or opportunistic infections 
such as yeast are considered for long-term antibiotic therapy follow-
ing reconstruction with autogenous SFPV.

Treatment of Aortic Graft Infections
The basic tenet of management of infected arterial grafts is excision 
of the infected graft and revascularization through uninvolved tis-
sue planes (extra-anatomical bypass). The traditional management 
of infected aortic grafts has been axillary-to-femoral bypass followed 
by graft excision and ligation of the aortic stump. This technique is 
plagued by the poor graft durability, risk of bypass infection, and  
aortic stump blowout. More recent innovations have included in-line 
reconstruction with antibiotic-impregnated grafts, arterial homo-
grafts, and reconstruction with autogenous SFPVs. Each approach 
has its advantages and disadvantages, and operative therapy must be 
tailored to suit the individual patient.

Antibiotic Therapy
Limited treatment using lifelong antibiotic therapy or percutaneous 
drainage and antibiotic therapy are options for the most high-risk 
patient with a limited life expectancy. There are little data to support 
such treatment regimens. Roy and Grove reported a series of high-risk 
patients treated with antibiotic therapy alone for proven or suspected 
graft infections.106 Only two of the patients had proven infections of 
preexisting grafts. All patients were alive at the median follow-up of 
36 months without systemic symptoms of infection. Although this 
appears to be a reasonable option, it should be stressed that this ther-
apy is appropriate only for latent graft infections due to low-virulence 
organisms, particularly S. epidermidis. This therapy should be con-
demned in all but the most high-risk patients. Infection by more viru-
lent bacteria has a grave prognosis, and antibiotic therapy alone will 
have little impact on the natural history of the infection.

Total Graft Excision without Revascularization
In the early experience of management of aortic graft infections, graft 
excision without arterial reconstruction was commonly done. The 
infected graft would be excised, and a wait-and-see strategy would be 
used to determine whether the limbs required revascularization. This 
approach led to unacceptably high rates of amputation and death. 
Graft excision alone can be considered in patients with occluded 
grafts who do not have limb-threatening ischemia. Most patients will 
tolerate excision of a thrombosed infected graft without worsening of 
the preexisting ischemia; however, the risk of interrupting important 
collaterals during graft excision should be borne in mind.

Patients who underwent aortic grafting for claudication may tol-
erate graft excision without revascularization. Such patients can 
be expected to return to their preoperative degree of ischemia 
after graft removal, assuming that important collaterals are not 
interrupted. This technique should be reserved for patients that 
have had end-to-side aortic grafting for aortoiliac occlusive dis-
ease. Preoperative arteriography must be obtained to determine 
whether native circulation remains intact. Thrombosis of the native 
aorta is common following end-to-side aortobifemoral bypass graft 
and must be ruled out prior to graft excision. In most patients and 
virtually all patients operated on for aortic aneurysmal disease, 
graft excision without revascularization can be expected to result 
in lower-extremity amputation.

Total Graft Excision and Extra-Anatomical 
Revascularization
Total graft excision with extra-anatomical bypass is the traditional 
treatment for infected aortic graft. This treatment strategy consists 

of extra-anatomical bypass by axillary-femoral-femoral bypass or 
bilateral axillary to femoral bypasses with total graft excision. The 
sequence of operations is very important to prevent cross-contami-
nation of the new graft. The extra-anatomical bypass should be per-
formed first through noninfected tissues, and the wounds should 
be closed and dressed prior to exposing the infected graft. In addi-
tion to avoiding contamination of the new graft, this sequencing 
has the advantage of limiting leg ischemia.

Axillary-femoral-femoral bypasses are employed for treatment 
of infected grafts that do not involve the femoral arteries; bilat-
eral axillary-to-femoral bypasses are used to treat infected aorto-
bifemoral bypass grafts. The approach for infected aortobifemoral 
bypass requires careful planning and inventive tunneling. To pre-
vent cross-contamination of the new graft, the femoral vessels are 
approached through uninvolved tissue planes, typically lateral to 
the sartorius muscle. Bypasses are performed from the axillary 
artery to the profunda femoris artery or to the superficial femoral 
artery if it is disease free. Axillary-to-popliteal bypasses have very 
poor patency and have largely been abandoned.

After completing the extra-anatomical bypass, the infected graft 
is removed. Timing of the two stages is controversial. The extra-
anatomical bypass can be performed just prior to removal of the 
infected graft during the same operative procedure, or the proce-
dures can be staged with extra-anatomical bypass performed sev-
eral days prior to removal of the infected graft. Staging procedures 
give the patient time to recover from the initial bypass and avoid 
a long procedure. Proponents of the staged procedure purport 
a lower operative morality and increased limb salvage than the 
 single-stage operative strategy.107,108

There are several disadvantages to extra-anatomical bypass with 
total graft excision. The most worrisome complication is infection 
of the new bypass graft. Reinfection rates can be as high as 20%, 
but most series report a low reinfection rate of less than 10%.67,68,108 
The notoriously poor durability of the extra-anatomical bypasses 
is also a concern. The highest reported primary patency rate for 
axillary-femoral-femoral bypasses is over 75%, but the reported pri-
mary patency rates of unilateral axillary-femoral bypasses average 
approximately 60% at 3.5 years.107,109 The most devastating compli-
cation of this procedure is disruption of the oversewn aortic stump 
(aortic stump blowout). Fortunately, this lethal complication is rare. 
Because of these disadvantages, a number of other options for graft 
excision and revascularization have been introduced.

Total Graft Excision with In Situ Replacement 
Using Prosthetic Graft
In situ replacement of an infected graft with a new prosthetic 
graft is technically the simplest method of revascularization and 
avoids the potential for aortic stump blowout. However, replac-
ing an infected prosthetic graft with a new prosthesis poses the 
very real potential for recurrent graft infection. In situ prosthetic 
replacement may be best used as a salvage operation for unstable 
patients with either aortoenteric fistula or ruptured proximal pseu-
doaneurysms. Fortunately, the reported rates of clinically apparent 
reinfection following in situ replacement for aortoenteric fistula is 
surprisingly low (<15%).110,111 Replacement with new graft may be 
appropriate for localized graft infections such as those found in the 
setting of aortoenteric fistula. Recurrent infection in the setting of 
gross graft infection has been disappointing. The authors use in situ 
replacement with prostheses as a bridge to definitive therapy with 
autogenous replacement at a later operation.

The advent of antibiotic-bonded Dacron grafts appeared to offer 
improved results for in situ prosthetic replacement. This modality 
seems to be most appropriate for treatment of graft infections with 
biofilm-producing S. epidermidis or S. aureus. Young et al. reported 
a series of nine patients treated with rifampin-soaked grafts and 
found that the reinfection rate was 11%.111 Bandyk et al. and Hayes  
et al.  both concluded that rifampin-bonded grafts are acceptable for 
treatment of low-grade biofilm graft infections by S. epidermidis and  
S. aureus.112,113 Bandyk et al. found that recurrent infection occurred 
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in less than 10% of patients.112 Hayes et al. only reported reinfection 
in patients with meticillin-resistant S. aureus (MRSA) infections.113 
It appears that antibiotic-bonded grafts may offer improved results, 
but only in selected patients with low-grade S. epidermidis and pos-
sibly S. aureus infections. They are usually not appropriate in cases 
involving more virulent organisms. Similar findings have recently 
been reported using silver-coated polyester grafts for in situ 
replacement. In a series of 24 patients with a variety of polymicro-
bial graft infections, Batt et al. documented a 40% prevalence of 
graft reinfections.114

Total Graft Excision with In Situ Replacement 
Using Arterial Allograft
An alternative to in situ replacement with prosthetic graft is 
replacement with arterial allograft. Animal studies have demon-
strated the allograft is relatively resistant to infection when anti-
biotic loaded.115 The experience in humans has confirmed this 
finding. Leseche et al. reported a series of 28 patients treated with 
allografts for graft infection or infected aortic aneurysms.116 They 
reported no recurrent infection. In a series of 49 patients, Vogt 
et al. reported two patients with recurrent infections that resulted 
in death.117 However, in this series there were four deaths related 
to allograft technical complications. In three patients, allograft 
side branch rupture resulted in three aortoenteric fistulas that 
were uniformly fatal. A fourth patient died intraoperatively from 
rupture of a friable allograft. In a recent study of 110 consecutive 
patients with aortic infections, Bisdas et al. reported a 9% over-
all operative mortality. During a mean follow-up of 36 months, 6% 
required reoperation for graft deterioration, but no recurrence 
of infection was noted.118 Others have noted that reoperation 
for reinfection or degenerative changes in allografts is common 
(9%-17%) and that pathological changes are seen in up to 26% 
of patients.38,116 In situ allograft and prosthetic graft replacement 
may be best used a temporizing technique until more definitive 
therapy can be undertaken.

Total Graft Excision with In Situ Replacement 
Using Autogenous Veins
Perhaps the best solution for management of prosthetic graft infec-
tion is in situ reconstruction with SFPV. This conduit has proven 
to be the most resistant conduit to infection, has unchallenged 
patency rates, avoids the risk of aortic stump blowout, and rarely 
degenerates. Operative mortality following aortic reconstruction 
with SFPV has been reported as less than 10%.119–123 Reinfection 
is very rare. In our experience, only one patient suffered infection 
of an SFPV graft, and the offending organism was Candida. Franke 
noted two cases of SFPV infection that occurred in the face of over-
whelming Pseudomonas infection.123 In our experience, all patients 
with pseudomonal infections have been treated successfully, but it 
should be pointed out that none of our patients presented with over-
whelming sepsis. Patients with overwhelming sepsis may be better 
served by  extra-anatomical bypass and graft excision. SFPV is very 
durable, with primary patency rates of greater than 80% and less than 
5% of grafts requiring revision.122,124 Venous morbidity is minimal.125

Most patients are suitable for aortic reconstruction with SFPV 
regardless of the bacterial pathogen. The only downside to this 
management strategy is the length of the operative procedure. 
Harvest of the SFPV requires two teams, and mean operative time 
is 8 hours. Because of the length of time required, SFPV aortic 
reconstruction is not appropriate for unstable patients, particularly 
patients with bleeding aortoenteric fistulas. However, such patients 
can be treated with in situ prosthetic replacement with delayed 
conversion to SFPV after a period of stabilization and recovery.  
We have had very pleasing results with this strategy. Extra-
anatomical bypass with graft excision has been the standard for 
treatment of aortic graft infection, but we believe that autogenous 
replacement with SFPV has earned a place as the new gold stan-
dard for management of such patients.

Partial Graft Excision
With the improvement in imaging techniques, some authors have 
advocated partial graft excision if the aortic graft infection can 
be localized to the femoral portion on preoperative imaging. 
Reconstruction can be carried out by extra-anatomical bypass or 
in situ grafting. This technique is most appropriate for patients with  
late S. epidermidis infections. It is not appropriate for patients  
with early graft infections because the entire graft is almost invari-
ably involved.82 Towne et al. described treating 14 patients with 
confirmed S. epidermidis or S. aureus infection using partial graft 
excision, wide local débridement, and in situ replacement with 
PTFE graft.126 Only 2 of the 14 patients ultimately developed infec-
tion in the remaining graft, but the new PTFE grafts remained 
uninfected. Calligaro et al. demonstrated that graft patch rem-
nants on infrainguinal vessels can be safely left in situ at the 
time of graft excision in over 92% of patients.127 Reilly et al. have 
described good results with partial graft excision and extra-ana-
tomical bypass.77 In the authors' most recent experience, only 
63% of patients require total graft excision. In our experience, 
subtotal graft excision can be attempted if the body of the graft 
is found to be incorporated at the time of surgical exploration. 
In these situations, planned reconstruction with SFPV has a real 
advantage. The body of the graft can be explored prior to violat-
ing the clearly infected portion. If the entire graft is infected, total 
graft excision and reconstruction with SFPV can be undertaken. 
If the body of the graft is not infected, the graft can be divided and 
sewn to the SFPV. The wound is closed, the infected portion of the 
graft is removed, and the reconstruction completed. Subtotal graft 
excision should only be considered in high-risk patients with 
late-occurring graft infections. Such patients should be followed 
closely, and infection of the residual graft should be anticipated.

Graft Infection Following Endovascular Repair
Graft infection following stent graft repair of aneurysm is 
 becoming more frequently reported. As of 2010, there have been 
102 reports of abdominal endograft infections in the literature.128 
In a series of 494 consecutive stent grafts (389 abdominal aorta 
and 105 thoracic aorta), Heyer et al. reported a prevalence of 
abdominal endograft and thoracic endograft infection of 0.26% 
and 4.8%, respectively.129 All affected patients suffered signifi-
cant morbidity. While rare, endograft infections are extremely 
difficult to diagnose. The typical clinical presentation and radio-
graphic finding  associated with stent graft infections are not 
well described and await a more mature experience with these 
endovascular techniques. Infected grafts have been associated 
with highly  virulent organisms including Propionobacterium, 
Staphylococcus, Streptococcus, and Enterobacter.129 Treatment for 
infected abdominal aortic endografts includes complete graft 
excision and extra-anatomical or in situ bypass. We have used the 
SFPV for in situ replacement with gratifying results in these cir-
cumstances. On the other hand, treatment of infected thoracic 
endografts should include graft excision and bypass with anti-
biotic-soaked prosthetic graft or cryopreserved allograft if more 
virulent organisms are present.

Treatment of Peripheral Graft Infections
The incidence of graft infection following infrainguinal periph-
eral arterial reconstruction ranges from 2%-5%.130 Most peripheral 
graft infections occur subsequent to extension of local wound 
infections. Late infections of autogenous grafts are very rare and 
most frequently occur in thrombosed grafts. Late infections occur 
more commonly in prosthetic grafts. Since most infections result 
from extension of a local wound infections (Szilagyi grade III), 
the microbiology can be varied, with gram-negative rods playing a 
prominent role. In a series of 68 patients with infected infrainguinal 
autogenous grafts, Treiman et al. found S. aureus and S. epidermidis, 
most commonly followed closely by Pseudomonas.131
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Peripheral graft infections can present as drainage of pus from 
the wound, graft occlusion, or graft disruption with hemorrhage. 
A patient presenting with bleeding from the site of an infraingui-
nal arterial reconstruction should be considered to have a graft 
infection, and operative exploration is mandatory. In less obvious 
cases, the diagnosis of such infections is similar to that of aortic 
graft infections. Computed tomography scanning is most helpful, 
and will demonstrate perigraft fluid collections and inflammation. 
Magnetic resonance imaging can successfully diagnose infected 
prosthetic grafts that have surrounding perigraft fluid. Ultrasound 
may also be helpful in such cases. The grafts are easily accessible, 
and ultrasound is particularly good at identifying perigraft fluid.

The mainstay of therapy is arterial reconstruction through unin-
fected fields and graft removal. In patients with occluded grafts who 
do not have limb-threatening ischemia, the graft can be excised 
without arterial reconstruction. However, patients who were oper-
ated on for limb-threatening ischemia who undergo graft excision 
can be anticipated to need revascularization or face inevitable 
amputation.

In patients who will require concurrent revascularization at 
the time of infected graft excision, the management options are 
different for prosthetic grafts versus autogenous graft. In virtually 
all cases of prosthetic graft infection, the entire graft is involved 
in the infectious process. This requires total graft excision with 
revascularization through uninfected tissues. Revascularization is 
performed first with autogenous conduit if possible. Careful plan-
ning and inventive tunneling are required if cross-contamination 
is to be avoided. If the graft originates from the femoral artery, the 
 profunda femoris artery, approached lateral to the sartorius mus-
cle, can be used as the site of the proximal anastomosis. If the 
profunda femoris artery is diseased, the iliac vessels can be used, 
and the graft can be tunneled through the obturator foramen into 
the thigh. The recipient artery or run off artery must be one level 
below the infective process. If the popliteal artery above the knee 
is involved in the infective process, the new runoff vessel will have 
to be the below-the-knee popliteal artery or the tibial vessels. More 
distal reconstruction to uninvolved tibial vessels will be required if 
the infected graft terminates at the popliteal vessel below the knee 
or more distal. Often the graft will have to be tunneled through 
the lateral thigh to avoid the previously violated medial thigh. The 
below-the-knee popliteal artery, peroneal artery, and the anterior 
tibial artery can all be approached through lateral leg incisions. 
After reestablishing flow and closing the wounds, the prosthetic 
graft is excised through a separate incision. If possible, the entire 
graft should be excised with autogenous patching of the donor 
and recipient arteries to avoid late complications from infected 
graft remnants. Well-incorporated remnants of prosthetic grafts can 
be left in place with successful healing and few late complications, 
but these patients will require close observation.127

Virtually all autogenous graft infections occur at the site of a 
wound infection. An autogenous graft infection is often local-
ized to segment of the graft located directly beneath the infected 
wound. In these cases, the uninvolved portion of the graft can 
be left in place, and a new autogenous graft can originate from 
these uninvolved portions. As with prosthetic graft infections, the 
best option is revascularization through uninfected tissue planes. 
However, new autogenous grafts can be placed in the infected tis-
sue planes, with concurrent coverage by well-vascularized muscle 
flaps. In patients with infected grafts but without graft disruption, 
graft preservation may be attempted. The graft may be left in situ, 
covered with muscle flaps, and treated with intravenous antibiotics.

In a series of 16 patients with autogenous graft infections with-
out disruption, Calligaro et al. were able to successfully salvage 11 
grafts.132 Of these patients, six were treated with muscle flap cover-
age, with only one failure and no graft associated mortality. Patients 
treated with operative débridement and antibiotic-soaked dressing 
changes had more complications and higher mortality from graft 
complications. Limb salvage was obtained in 6 of 10 patients. In this 
series, the overall operative mortality was 19%, and the amputation 
rate was 8%.132 Tukiainen et al. reported improved results with graft 

preservation, aggressive débridement, and muscle flap coverage 
in a series of 14 patients with autogenous graft infections.133 One 
patient required a late amputation because of ongoing graft infec-
tion, and four patients had late graft occlusions. All four patients 
with late graft occlusions had in situ replacement with new graft 
for graft disruption and hemorrhage. There were no graft-related 
mortalities and no graft disruptions from recurrent infection.133 
Treiman identified graft disruption with bleeding, elevated WBCs, 
fever, and renal insufficiency as the only predictors for graft failure 
and limb loss following selective graft preservation.131

In the authors' experience, wound infections that involve autog-
enous grafts without graft disruption represent graft contamina-
tion rather than graft infections. Such grafts can be treated by graft 
preservation and muscle flap coverage. It is imperative that well- 
vascularized muscle be used to cover such grafts. If the graft is not 
covered by muscle, continued wound sepsis with progression to 
frank graft infection and disruption can be anticipated. True graft 
infections manifest as graft degradation and hemorrhage. Invariably, 
pathological examination of such grafts will reveal pathogens in 
the wall of the graft. Such grafts should be treated by graft liga-
tion with revascularization through uninfected tissue planes; unin-
fected portions of the graft may be left place. In situ reconstruction 
with new autogenous graft such as contralateral saphenous vein 
or arm vein134 has been reported. In the face of graft degradation 
and hemorrhage, muscle flap coverage is not a good option and 
should be reserved only for patients with limited autogenous con-
duit. In these rare circumstances, close observation with prolonged 
antibiotic therapy is needed. Such patients should be observed in 
the intensive care unit setting until wound healing and absence of 
recurrent graft infection is assured. Graft ligation with or without 
primary amputation may be the safest course in such patients.

Suppurative Thrombophlebitis
Widespread use of intravenous therapy in hospital patients has 
made primary venous infections more common than their arte-
rial counterparts. The term suppurative thrombophlebitis implies a 
localized infection of the vein wall associated with intraluminal 
thrombosis, which should be differentiated from catheter-related 
sepsis. While the two may be temporally related in the same patient, 
they can usually be distinguished by the following characteristics: 
(1) catheter sepsis is not usually associated with vein wall suppura-
tion, and (2) in catheter sepsis, the intraluminal thrombus is adher-
ent to the catheter, not the vein wall. The following discussion will 
focus on diagnosis and management of suppurative thrombophle-
bitis; more complete information on catheter sepsis is available 
elsewhere.135

Suppurative thrombophlebitis can be classified into five areas: 
superficial, central/pelvic, portal (pylephlebitis), cavernous sinus, 
and jugular (Lemierre's syndrome).

Peripheral Vein Suppurative Thrombophlebitis
Thrombophlebitis is the most common complication of peripheral 
vein infusion, occurring in up to a fourth of hospitalized patients 
receiving intravenous therapy via veins of the forearm or hand.136 
Pathogenesis has been related to irritation of the vein from the cath-
eter material, infusate, or bacteria. Thrombosis occurs as a result of 
localized stasis and prostaglandin-mediated activation of the coag-
ulation cascade.137 Suppurative superficial thrombophlebitis results 
from infection of the thrombus, which is estimated to occur in 0.2% 
to 2% of peripheral vein catheter insertions.138 Onset of infection 
is a serious development, resulting in significant morbidity and 
prolonged hospital stay. Development of life-threatening infec-
tions such as osteomyelitis or endocarditis may occur after a single 
episode of superficial suppurative thrombophlebitis. This com-
plication is more common with plastic catheters than with steel 
(“scalp vein”) cannulas and is related to duration of intravenous 
catheterization.139 Prolonged catheterization is the most impor-
tant predictor of peripheral vein infusion thrombophlebitis; this 
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has led to the  recommendation by the Centers for Disease Control 
and Prevention (CDC) that short peripheral intravenous catheters 
should be changed every 72 hours.

Although there is a higher risk of suppurative superficial throm-
bophlebitis from catheters inserted in the lower extremity, upper-
extremity involvement is the more common presentation. Affected 
patients have signs of local inflammation, including tenderness, 
erythema, induration, and warmth over the involved superficial 
vein. Differentiation between noninfected and suppurative throm-
bophlebitis may be difficult. Systemic signs of infection such as 
fever, tachycardia, and leukocytosis are not universally present. 
Bacteremia occurs in the majority of patients, and gross pus within 
the vein lumen may be found in up to half the cases.139 Diagnosis 
often relies on a positive culture of the indwelling catheter tip.  
S. aureus is the most common isolate, but gram-negative organisms 
are becoming more frequent. Antibiotic resistance is common.

Treatment of superficial suppurative thrombophlebitis involves 
removal of the intravenous catheter, institution of  broad-spectrum 
antibiotics, and excision of the involved vein. The involved vein 
should be explored proximal to the highest anticipated site of 
involvement—usually several centimeters above the inflamed 
area. The infected vein segment and its tributaries should be com-
pletely excised using a patent noninflamed vein segment as the 
endpoint. Incisions should be left open to heal by secondary inten-
tion. Postoperatively, antibiotics should be continued for an unde-
termined period of time. Empirical recommendations suggest 
continuation of culture-directed antibiotics for at least 2 to 3 weeks.

Central Vein Suppurative Thrombophlebitis
Two classic scenarios have been described for suppurative throm-
bophlebitis of central veins: (1) residual central thrombosis follow-
ing central line sepsis and (2) pelvic suppurative thrombophlebitis 
associated with gynecological complications. Suppurative throm-
bophlebitis of thoracic veins occurs in the chronic setting, whereas 
suppurative pelvic thrombophlebitis occurs more acutely.

CENTRAL SUPPURATIVE THROMBOPHLEBITIS 
FOLLOWING INTRAVENOUS LINE SEPSIS

Suppurative thrombophlebitis often follows prolonged intrave-
nous therapy in immunocompromised patients. The condition is 
most common in patients receiving total parenteral nutrition, in 
critically ill patients receiving intravenous therapy through cen-
tral venous catheters, and in those with long-term cannulation 
devices such as Hickman or Broviac catheters. Central suppura-
tive thrombophlebitis may also be the consequence of intravenous 
drug abuse (see earlier discussion). Catheter infections are usually 
due to microorganisms that migrate from the skin entry site, but 
hematogenous seeding and contaminated fluids have also been 
implicated.135 Suppurative thrombophlebitis occurs subsequent to 
infection of the thrombus that typically develops around the intra-
venous device. The thrombus becomes attached to the central vein 
wall and causes localized inflammation.

Central suppurative thrombophlebitis should be suspected in 
any patient who fails to improve after removal of an infected central 
venous catheter. Systemic signs of infection are more common than 
venous obstructive symptoms such as arm edema. Diagnosis can be 
made by demonstrating a deep vein thrombosis (DVT) (by duplex 
ultrasonography, venography, or MRI) in a septic patient with positive 
blood cultures who does not have other sources of primary infec-
tion.140 Computed tomography scans may be useful to demonstrate 
a vein thrombosis, especially if gas is detected in the vein lumen.139

Treatment of central suppurative thrombophlebitis involves 
removal of central catheters, use of broad-spectrum antibiotics, 
and anticoagulation with heparin. In some cases, fibrinolytic ther-
apy141 or surgical thrombectomy142 may be required. Long-term 
anticoagulation with warfarin is recommended to reduce the risk 
of embolization and recurrent thrombosis. A 2- to 3-week course  
of culture-directed antibiotics is usually appropriate.

PELVIC SUPPURATIVE THROMBOPHLEBITIS

Infection of the deep pelvic veins usually develops 2 to 3 weeks 
postpartum or after gynecological complications such as criminal 
abortions or other severe pelvic infections. Diagnosis of pelvic sup-
purative thrombophlebitis should be suspected in a postpartum 
woman with high fevers, chills, and abdominal pain. Large veins may 
cause ureteral obstruction, resulting in severe flank pain.139 Nearly 
80% of cases are on the right side due to compression of the right 
ovarian vein at the pelvic brim by the gravid uterus.139 Although a 
tender vein can be palpated on pelvic examination in up to 30% of 
women, physical examination may be normal.139 Computed tomog-
raphy scanning and MRI have both been useful to confirm deep pel-
vic vein thrombosis; a positive test in the clinical setting of sepsis 
confirms the  diagnosis. Pelvic suppurative thrombophlebitis usually 
responds to broad-spectrum intravenous antibiotics. It remains con-
troversial whether patients benefit from anticoagulation with hepa-
rin. Occasionally, patients do not respond to conservative treatment, 
and drainage of a pelvic abscess or ligation of the affected vein has 
been required.

Suppurative Thrombophlebitis of the Portal 
Vein (Pylephlebitis)
Suppurative thrombophlebitis of the portal vein usually follows 
infection of an organ drained by the portal vein or a contiguous 
structure. Historically, pylephlebitis was most commonly due to 
appendicitis.143 Widespread use of antibiotics and early diagnosis 
and intervention for abdominal infections have made the condi-
tion rare. Most modern cases occur as a complication of divertic-
ulitis, but it has also followed other intraabdominal infections 
such as appendicitis, acute cholecystitis, and foreign body perfo-
ration.144 However, some are due to secondary infection of portal 
vein thrombosis associated with a hypercoagulable disorder such 
as cirrhosis or malignancy.145

The clinical presentation of patients with pylephlebitis is non-
specific: most have fevers of unknown origin with variable signs of 
systemic toxicity. Abdominal pain occurs in about three fourths of 
affected patients, and up to 20% have severe sepsis.144 Ultrasound 
may be helpful to detect thrombus within the lumen of the portal 
vein, but CT is the more common test to confirm the diagnosis. 
Magnetic resonance imaging with angiography may be able to dis-
cern acute from chronic thrombus.144,145 Many patients have other 
intraabdominal processes such as abscesses or common bile duct 
stones. Small intrahepatic liver abscesses may also be present.

Treatment of pylephlebitis involves use of broad-spectrum intra-
venous antibiotics and eradication of the underlying infection. Early 
treatment is critical to reduce the risk of ischemic bowel infarction 
from mesenteric vein thrombosis. Although systemic administra-
tion of broad-spectrum antibiotics is usually adequate, catheter 
infusion of antibiotics directly into the portal vein may result in 
more prompt improvement.146 Intraabdominal infections should 
be treated promptly by percutaneous drainage or surgical interven-
tion. In rare cases, laparotomy and thrombectomy of the portal sys-
tem have been used in severely ill patients.144 In all cases, antibiotics 
should be continued until complete resolution or cavernous trans-
formation of the thrombus, as confirmed with CT or MRI.144 This 
usually requires at least 4 to 6 weeks. Fortunately, development of 
acute portal hypertension with variceal hemorrhage is uncommon.

Septic Thrombosis of the Cavernous 
Sinuses
Widespread use of antibiotics has dramatically reduced the inci-
dence of cavernous sinus thrombophlebitis, but it is still occasion-
ally seen in patients with severe head and neck infections. Infection 
of the ethmoid and sphenoid sinuses is the most common primary 
source that leads to cavernous sinus thrombophlebitis.147 S. aureus 
is isolated in approximately 60% to 70% of cases, followed by  
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S. pneumoniae, gram-negative bacilli, and anaerobes.147 Early 
 diagnosis and treatment are extremely important; mortality rates of 
20% to 30% are still reported in the modern era.147

Patients with cavernous sinus thrombophlebitis typically present 
with fever, ptosis, proptosis, chemosis, and external ophthalmople-
gia.147 Ocular signs are due to damage of nerves that traverse the 
cavernous sinus. Headache, papilledema, and periorbital swelling 
are present in more than half of affected patients. Diagnosis may be 
established by high-resolution CT scans or by MRI. Management 
includes treatment of the underlying infection (sinusitis, den-
tal abscess, tonsillitis) and use of broad-spectrum antibiotics. 
Cavernous sinus drainage is almost never performed.147 At least one 
study148 suggests that anticoagulation with heparin may reduce the 
mortality rate in survivors. Severe sequelae have been reported in 
most survivors, including lung, brain, and orbital abscesses and pro-
longed cranial nerve dysfunction. Early diagnosis and treatment 
remain the keys to reducing potential disasters in these patients.

Septic Thrombophlebitis of the Internal 
Jugular Vein
This disorder was first described in 1936 by Lemierre, who reported 
a 90% mortality rate in his patients.149 Widespread use of antibiot-
ics has reduced the prevalence and mortality of septic thrombo-
phlebitis of the internal jugular vein (also known as postanginal 
septicemia or Lemierre's syndrome), but the rarity of the syndrome 
also means that it is often overlooked. Several stages have been 
described.144 Septic thrombophlebitis of the internal jugular vein 
usually follows an acute oropharyngeal infection; a sore throat is 
the most common presentation. In the second stage, local invasion 
of the parapharyngeal space leads to septic thrombophlebitis of 
the internal jugular vein. This most commonly presents as swelling 
and tenderness of the neck, which should be considered a serious 
development in a patient with pharyngitis. Metastatic infections 
occur in the third stage, most commonly the lungs and joints.

Diagnosis of Lemierre's syndrome should be considered in 
any patient with current or recent pharyngitis who presents with 
tenderness in the anterior cervical triangle. Clinical signs during 
the course of disease include fever, abdominal pain, and hyper-
bilirubinemia.144 Most patients have already developed meta-
static infections at the time of diagnosis. A triad of pharyngitis, 
tender/swollen neck, and noncavitating pulmonary infiltrates has 
been described.150 The most common isolate is Fusobacterium 
 necrophorum, an anaerobic gram-negative rod that is a normal 
inhabitant of the oral cavity.144,150 Diagnostic tests such as ultraso-
nography, CT, or MRI should be used to confirm the presence of 
internal jugular vein thrombosis. Computed tomography or MRI 
may be helpful to delineate the presence of neck abscesses that 
require drainage; these tests are also useful to follow the local anat-
omy once treatment has been instituted. Treatment involves a 3- to 
6-week course of intravenous antibiotics; surgical excision of the 
internal jugular vein is only necessary in patients with uncontrolled 
sepsis or recurrent septic emboli despite appropriate antibiotic 
therapy (<10% of cases).

Conclusions
Primary arterial infections and graft infections remain a daunting 
problem for clinicians. A high index of suspicion and modern imag-
ing techniques are required to make the diagnosis of arterial infec-
tion, whether primary or following arterial reconstruction. With the 
advent of inventive management strategies, the mortality and morbid-
ity associated with such infections has steadily improved. SFPV is the 
conduit of choice for reconstruction of large arteries with primary 
infections such as the carotid and mesenteric vessels. Aortic recon-
struction with SFPV is the optimal management strategy for most 
patients with primary aortic infections or prosthetic aortic graft infec-
tions. Long-term administration of antibiotics represents the main-
stay of treatment for primary venous infections; surgical excision is 

reserved for infections involving superficial veins and for deep veins 
in patients who do not improve on appropriate antibiotic therapy.
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Ulceration of the lower extremity is a common condition that 
causes significant discomfort and disability.1 An ulcer is defined 
as a disruption of the skin with erosion of the underlying subcu
taneous  tissue. This breach may extend further to the contiguous 
muscle and bone. The pathophysiological mechanisms under
lying ulcer formation are multifactorial and include  neuropathy, 
infection, ischemia, and abnormal foot structure and biomechan
ics. It is not surprising then that management of the diabetic foot 
is a  complex clinical problem requiring an interdisciplinary 
approach.2,3 Minor trauma, often footwear related, is a  frequent 
inciting event. A chronic ulcer is defined as a fullthickness skin 
defect with no significant reepithelialization for more than 
4 weeks.

Three etiologies of leg ulcerations are responsible for almost 
95% of leg ulcers: about 40% to 80% are due to underlying venous 
disease, 10% to 20% are due to arterial insufficiency, and 15% to 
25% are secondary to diabetes mellitus; in 10% to 15% of patients, 
a combination of two or more causes exists. Prolonged pressure 
and local infection are common causes of leg ulcers with min
imal vascular compromise. Rare causes are responsible for less 
than 5% of all leg ulcers4 (Box 601). The disease entities that usu
ally underlie leg ulceration (e.g., venous insufficiency, peripheral 
artery disease (PAD), diabetes mellitus) are associated with signif
icant patient morbidity and mortality. A detailed knowledge of the 
clinical picture, pathogenesis, relevant diagnostic tests, treatment 
modalities, and differential diagnosis of leg ulcerations is essen
tial in planning the optimal treatment strategy (Table 601). An 
incorrect or delayed initial diagnosis may harm the patient and 
increase the risk of serious complications, including permanent 
disability and amputations.

The exact prevalence of lowerextremity ulcers in the United 
States is unknown. The prevalence of leg ulceration in the general 
population of Western nations is 1% to 3.5%, with the prevalence 
increasing to 5% in the geriatric population.5–8 Data from these stud
ies most likely underestimate the true prevalence because they 
do not include patients with leg ulcers who are not known to the 
healthcare system.

The cost of treating leg ulceration is staggering. Epidemiological 
studies from Sweden estimated annual costs of treatment of lower
extremity ulcers at $25 million. In England, the estimated cost of 
care for patients with leg ulcers in a population of 250,000 is about 
$130,000 annually per patient.9 Items factored into the equation 
include physician visits, hospital admissions, home health care, 
wound care supplies, rehabilitation, time lost from work, and jobs 
lost. Adding to the cost is the chronic nature of these wounds, high 
rate of recurrence, and propensity for infection. A true accounting of  
the cost is difficult because of the unknown prevalence of disease.

Because the disease affects a patient's lifestyle and attitude, the 
social cost of leg ulcers accrue. The ability to work may be tempo
rarily or permanently affected by the condition,8 and the reduction 
in work capacity adds to the medical cost to society. An estimated 
10 million workdays are lost from lowerextremity ulcers in the 
United States annually, and this figure may be low.10,11 A report in 
1994 focused on the financial, social, and psychological implica
tions of lowerextremity lesions in 73 patients.12 Among the study 
patients, 68% reported feelings of fear, social isolation, anger, 
depression, and negative selfimage because of the ulcers. In 
addition, 81% of the patients felt that their mobility was adversely 
affected. Within the younger population that was still actively work
ing, there was a correlation between lowerextremity ulceration 
and adverse effect on finances, time lost from work, and job loss. 
In addition, there was a strong correlation between time spent on 
ulcer care and feelings of anger and resentment. These factors 
combined to have a  negative emotional impact on their lives.

Biomechanics of Walking and Ulcer 
Formation
An appreciation of the biomechanics required for walking is 
essential to understanding the etiology of foot ulcers. The foot 
is a complicated biological structure containing 26 bones, 
 numerous joints, and a network of ligaments, muscles, and 
blood vessels. Gait is a complex set of events that requires tri
planar foot motion and  control of multiple axes for com
plete bipedal ambulation13 (Fig. 601A). When the heel hits the 
ground, its outer edge touches first; the foot is in a supinated 
position, which makes it firm and rigid. The softtissue structures 
(muscles, tendons, and ligaments) then relax, allowing the foot 
to pronate. The foot becomes less rigid and is able to flatten, 
absorb the shock of touchdown, and adapt to uneven surfaces. 
During midstance, the heel lies below the ankle joint complex, 
the front and back of the foot are aligned, and the foot easily 
bears weight. Toward the end of midstance, the  softtissue struc
tures begin to tighten; the foot resupinates and regains its arch. 
The foot is again firm, acting as a rigid lever for propulsion. The 
heel lifts off the ground, swings slightly to the inside, and the 
toes push weight off the ground.

Sensory input from the visual, vestibular, and proprioceptive 
systems is necessary to modify learned motor patterns and mus
cular output to execute the desired action. Various external and 
internal forces affect foot function.14 The combination of body 
weight pushing down and ground reactive force pushing up 
creates  friction and compressive forces. Shear results from the 
bones of the foot sliding parallel to their plane of contact dur
ing pronation and supination. Foot deformities or illfitting foot
wear enhance pressure points because they focus the forces on a 
smaller area. When the foot flattens too much or overpronates, the 
ankle and heel do not align during midstance, and some bones 
are forced to support more weight. The foot strains under the 
body's weight, causing the muscles to pull harder on these areas, 
making it more difficult for tendons and ligaments to hold bones 
and joints in proper alignment. Over time, swelling and pain on 
the bottom of the foot or near the heel may occur. Bunions can 
form at the great toe joint, and hammertoe deformities can form 
at the lesser toes. Abnormal foot biomechanics resulting from 
limited joint mobility and foot deformities magnify shearing 
forces, resulting in increased plantar pressure on the foot during 
ambulation (see Fig. 601BC). This can represent critical causes 
for tissue breakdown.

Pathophysiology of Ulcer Formation
Venous Disorders
Venous leg ulcers are the most frequently occurring chronic 
lowerextremity wounds (Fig. 602A) (also see Chapter 56). The 
prevalence of lowerextremity ulceration resulting from chronic 
venous disease (CVD) in European and Western populations is 
estimated to be 0.5% to 1%. In the United States, it is estimated 
that between 600,000 and 2.5 million patients have venous 
ulcerations; treatment costs are estimated at $2.5 to $3 billion 
dollars, with a corresponding loss of 2 million workdays per 
year.15 Ten years ago, the estimated annual cost of treatment for 
venous ulcer patients was almost $40,000 per patient.16 This cost 
has risen since then. The pathophysiology of venous ulceration  
is straightforward. Blood returns from the lower extremi
ties against gravity to the inferior vena cava (IVC) through 
the deep and superficial venous systems. The deep veins are 
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located within the  muscles and deep fascia of the legs. The 
superficial system consists of the great saphenous vein and the 
small saphenous vein and is located within the  subcutaneous 
 fat. Valves are present within all three systems and prevent 
retrograde flow of blood. A portion of blood from the super
ficial system is directed to the deep system through the com
municating perforators. While standing, about 22% of the 
total blood volume is localized to the lower extremities, and 
hydrostatic pressure in the foot veins can reach 80 mmHg. In 
healthy individuals with competent venous valves, the effi
cient calf muscle pump can reduce venous pressure by two 
thirds during exercise. Venous insufficiency occurs when any 
of these elements do not function adequately. Pressure in 
the venous system increases, and (most importantly) ambu
latory venous pressure rises during leg exercise. The pri
mary cause of venous hypertension is insufficiency of the 
valves of the deep venous system and perforating veins of the  
lower leg.

The exact mechanism by which ulcerations develop in patients 
with venous insufficiency is not clear. One theory is that ulcer
ation is due to increased intraluminal pressure within the capillary 
system of the leg. The capillaries become dilated and elongated, 
and blood flow is sluggish, resulting in microthrombi formation  
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FIGURE 60-1 Biomechanics of ulceration.

Vascular
Common
Venous disease and insufficiency
Peripheral atherosclerotic disease

Rare
Vasculitis
Autoimmune disease (scleroderma)
Hypertension (Martorell ulcer)
Thromboangiitis obliterans (TAO) (Buerger's disease)
Lymphedema
Hematological disorders (sickle cell anemia)
Clotting disorders (antiphospholipid syndrome)

Neurotrophic
Diabetes mellitus
Uremia
Acquired immunodeficiency syndrome (AIDS)
Nutritional deficiencies

Biomechanical
Charcot foot
Rheumatoid arthritis (Felty's syndrome)
Fracture, dislocations

Others
Infectious diseases
Physical or chemical injury (trauma, pressure ulcers, burns, frostbite)
Metabolic diseases (porphyria, calciphylaxis)
Neoplastic (melanoma, basal cell carcinoma, squamous cell carcinoma, 

sarcomas)
Drug reactions or side effects (steroids, Coumadin)
Ulcerating skin diseases (pyoderma gangrenosum)

Box 60-1 Causes of Lower-Extremity Ulcers

 SITE SKIN APPEARANCE ULCER CHARACTERISTICS OTHER FINDINGS

Venous Lower third of leg; malleolar 
area

Edema, hemosiderin, 
 dermatitis, eczema

“Weeping,” irregular borders, painful Varicose veins, “bottle leg,” ABI 
normal

Arterial Most distal areas, toes Thin, atrophic, dry, “shiny,” 
hair loss

Round, regular borders, no bleeding, 
dry base, very painful

Weak/absent pulse, poor capillary 
refill, ABI <0.8

Neurotrophic  
(diabetes mellitus)

Pressure sites; heel and 
metatarsal heads

Cellulitis Round, deep, purulent discharge, 
painless

Sensory deficit; ABI often >1.3 due 
to vascular calcification

TABLE 60-1 Lower-Extremity Ulcers Characterized by Etiology

ABI, ankle-brachial index.
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and  frequently leading to capillary occlusion. Fibrin, albumin, and 
 various macromolecules leak into the dermis, where they bind to 
and trap growth factors, making them unavailable for the  tissue 
repair process.17 Leakage of fibrinogen through capillary walls 
results in deposition of pericapillary fibrin cuffs,18 which has been 
suggested as a physical barrier impeding passage of oxygen.10 Iron 
deposition, white blood cell (WBC) accumulation, decreased fibri
nolytic activity, and a myriad of inflammatory responses to vascu
lar damage are all postulated to be the final pathways leading to 
venous ulcerations, but it is still not clear whether they represent 
causative factors.

Tissue hypoxia appears to be the major underlying factor in 
developing venous ulceration. Unlike ulcers associated with arterial 
insufficiency, this hypoxic state is not caused by decreased blood 
flow to the legs. Patients with venous insufficiency usually have  

adequate blood flow to their lower extremities. Direct measure
ments of transcutaneous oxygen levels on the lower leg have dem
onstrated that exercise produces a marked rise in skin  oxygen 
tension in normal legs, but not in those affected by venous insuf
ficiency. Exercise reduces venous pressure in patients with compe
tent valves, thus removing the stimulus for reflex vasoconstriction. 
In patients with compromised valves, venous pressure remains high 
during exercise, and reflex vasoconstriction persists.19

On the basis of these findings, it is clear that management of 
lowerextremity ulcers secondary to venous insufficiency must 
include measures that improve the abnormal venous blood 
return from the affected extremity. Leg elevation, compression 
therapy, local wound care, and surgical correction of selected 
underlying pathology are all important components of the 
 treatment plan.

FIGURE 60-2 Various foot ulcers. A, 
Venous stasis. B, Ischemic. C, Neurotrophic. D, 
Charcot foot.

A B

C D
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Arterial Disease
The incidence of lowerextremity ulcers caused by PAD (see 
Fig. 602B) is increasing in Western nations.8 The general aging of 
the population and better diagnostic techniques may provide pos
sible explanations for this observation. Risk factors for development 
of atherosclerotic lesions causing leg ischemia include diabetes 
mellitus, smoking, hyperlipidemia, hypertension, obesity, and age.20 
Lack of perfusion decreases tissue resilience, leads to rapid death 
of tissue, and impedes wound healing (see Chapter 17). Wound 
healing and tissue regeneration depend on adequate blood supply 
to the region. Ischemia due to vascular disease impedes healing 
by reducing the supply of oxygen, nutrients, and soluble mediators 
involved in the repair process.21

The Diabetic Foot
Persons with diabetes mellitus are particularly prone to foot ulcers. 
The diabetic foot is a common and serious clinical condition that 
has its specific characteristics. The American Diabetes Association 
Consensus Group found that among persons with diabetes, the risk 
of foot ulceration was increased among men, patients who had 
had diabetes for more than 10 years, and patients with poor glu
cose control or cardiovascular, retinal, or renal complications.22 It 
is estimated that 15% of U.S. patients with diabetes will develop 
manifestations of diabetic foot disease in their lifetime.23,24 In this 
population, the prevalence of lowerextremity ulcers ranges from 
4% to 10%, with an annual incidence of 2% to 3%.25 Although repre
senting only 6% of the population, patients with diabetes account 
for 46%25 of the 162,000 hospital admissions for foot ulcers annu
ally. Foot ulcers occur in up to 25% of patients with diabetes and 
 precede more than 8 in 10 nontraumatic amputations. In 2005, 
approximately 1.6 million people were living with limb loss; this 
number is expected to more than double by 2050.26 Diabetic foot 
ulcers and their sequelae, amputations, are the major cause of  
disability, morbidity, mortality, and costs for these patients.23 
Ulceration and infection of lower extremities are a leading cause 
of hospitalization in patients with diabetes.25 Treatment of pedal 
softtissue deficits in the diabetic patient population continues 
to be a medical and surgical challenge, thereby extending the 
length of their disability and significantly increasing the cost of 
medical care. Nearly half of all patients who undergo amputation 
will develop  limbthreatening ischemia in the contralateral limb, 
and many will ultimately require an amputation of the opposite 
limb within 5 years. In 2000, the Centers for Disease Control and 
Prevention (CDC) estimated that 12 million Americans were diag
nosed with diabetes, and the estimated annual direct and indirect 
costs of diabetes treatment in the United States was approximately 
$174 billion, with 1 in 5 diabetes dollars spent on lowerextremity 
care. Preventing ulcerations and/or amputations is critical from 
both medical and economical standpoints.2

Development of diabetic foot disease can be attributed to  several 
primary risk factors, including neuropathy, ischemia, infection, 
and immune impairment. Four footrelated risk factors have been 
 identified in the genesis of pedal ulceration: altered biomechanics, 
limited joint mobility, bony deformity, and severe nail pathology.22

NEUROPATHY

Neuropathy is the most common underlying etiology of foot ulcer
ation and frequently involves the somatic and autonomic fibers. 
Although there are many causes of peripheral neuropathy, diabe
tes mellitus is by far the most common (see Box 601). Neuropathy 
is present in 42% of diabetic patients after 20 years27 and is  usually 
a distal symmetrical sensorimotor polyneuropathy. Peripheral 
 neuropathy is postulated to result from abnormalities in metabo
lism, one of which is a deficiency in sorbitol metabolism via the 
polyol pathway.28,29

Neurotrophic ulcers typically form on the plantar aspect of the 
foot at areas of excessive focal pressures. These are most com
monly encountered over the bony prominences of the  metatarsal 

heads and forefoot region because of the requirements of mid
stance and heeloff during the gait cycle (see Fig. 602C). Loss of 
protective sensation in the foot can lead rapidly to ulceration if 
patient education and preventive measures are not taken. Diabetic 
patients are  especially prone to development of a neuroosteoar
thropathy known as Charcot foot.30 This condition is thought to 
involve autonomic nerve dysfunction that results in abnormal per
fusion to foot bones, which leads to bony fragmentation and col
lapse (see Fig. 602D). The resulting “rockerbottom foot” is prone to 
tissue breakdown and ulceration.23,30

Several investigators23,30,31 have demonstrated that there is an 
increase in both static and dynamic foot pressures.32 To date, high 
pressures alone have not been shown to cause foot ulceration. 
Rheumatoid patients with high plantar foot pressures but no sensi
tivity deficit have almost no evidence of foot ulceration.33

Type A sensory fibers are responsible for light touch sensa
tion, vibratory sensation, pressure, proprioception, and motor 
innervation to the intrinsic muscles of the foot. Type C sensory 
fibers detect painful stimuli, noxious stimuli, and temperature. 
When these fibers are affected, protective sensation is lost. This 
manifests as a distal symmetrical loss of sensation described in 
a “stocking” distribution and proves to be the primary factor pre
disposing patients to ulcers and infection.34 Patients are unable 
to detect increased loads, repeated trauma, or pain from shearing 
forces. Injuries such as fractures, ulceration, and foot deformities 
therefore go unrecognized. Repeat stress to highpressure areas or 
bone prominences, which would be interpreted as pain in the non 
neuropathic patient, also go unrecognized. Sensory dysfunction 
results in increased shearing forces and repeated trauma to the 
foot.35,36 Patients have inadequate protective sensation during all 
phases of gait, so high loads are undetected owing to loss of pain 
threshold, which results in prolonged and increased forces.31,35 
These problems manifest as abnormal pressure points, increased 
shearing, and greater friction to the foot. Because this goes unrec
ognized in the insensate foot, gait patterns remain unchanged, and 
the stresses eventually cause tissue breakdown and ulceration.

Motor neuropathy is associated with demyelinization and motor 
endplate damage, which contribute to conduction defects. The 
distal motor nerves are the most commonly affected, resulting in 
atrophy of the small intrinsic muscles of the foot. Wasting of the 
lumbrical and interosseous muscles of the foot results in collapse 
of the arch and loss of stability of the metatarsalphalangeal joints 
during midstance of the gait. Overpowering by extrinsic muscles 
can lead to depression of the metatarsal heads, digital contrac
tures, and cockedup toes; equinus deformities of the ankle; or a 
varus hindfoot.37

Autonomic involvement causes an interruption of normal sweating 
at the epidermal level and arteriovenous shunting at subcutaneous 
and dermal levels. Hypohidrosis leads to a  noncompliant epider
mis that increases the risk of cracking and fissuring. Arteriovenous 
shunting diminishes delivery of nutrients and  oxygen to tissue 
regions, and skin and subcutaneous tissues become more suscep
tible to breakdown.38

MUSCULOSKELETAL DEFORMITIES

Atrophy of the small muscles within the foot results in nonfunction
ing intrinsic foot muscles referred to as an intrinsic minus foot39 (see 
Fig. 601B). Muscles showing early involvement are the flexor digi
torum brevis, lumbricales, and interosseous muscles. These muscle 
groups act to stabilize the proximal phalanx against the metatar
sal head, preventing dorsiflexion at the metatarsal phalangeal joint 
(MTPJ) during midstance in the gait cycle. With progression of the 
neuropathy, these muscles atrophy and fail to function properly. 
This causes the MTPJs to become unstable, allowing the long flex
ors (flexor digitorum longus and flexor hallucis longus) and exten
sors (extensor digitorum longus and extensor hallucis longus) to 
act unchecked on the digits. Dorsal contractures develop at the 
MTPJs, with development of hammer digit syndrome, also known 
as intrinsic minus disease.
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The deformity acts to plantarflex the metatarsals, making the 

heads more prominent and increasing the plantar pressure created 
beneath them (see Fig. 601B). It also acts to decrease the amount 
of toe weightbearing during the gait cycle, which also increases 
pressure on the metatarsal heads. In normal foot anatomy, a meta
tarsal fat pad located plantar to the MTPJs helps dissipate pres
sures on the metatarsal heads from the ground. When hammer digit 
deformity occurs, this fat pad migrates distally and becomes non
functional, resulting in elevated plantar pressures that increase the 
risk of skin breakdown and ulceration due to shearing forces.1

Overpowering by the extrinsic foot muscles also leads to an 
equinus deformity at the ankle and a varus hindfoot. A cavovarus 
foot type can develop, leading to decreased range of motion of 
the pedal joints, inability to adapt to terrain, and low tolerance to 
shock. In essence, a mobile adapter is converted to a rigid lever. 
Pressure is equal to body weight divided by surface area, thus 
decreasing  surface area below a metatarsal head with concomi
tant rigid deformities and leading to increased forces or pressure 
to the sole of the foot. When neuropathic foot disease is associated 
with congenital foot deformities such as long or short metatarsals, 
a plantarflexed metatarsal, abnormalities in the metatarsal para
bola, or a Charcot foot30 (see Fig. 602D), there is a higher propensity 
toward breakdown as a result of increased and abnormal plantar 
foot pressures.

Increased body weight and decreased surface area of contact 
of the foot components with the ground increase pressure. A low 
pressure but constant insult over an extended period can have the 
same ulcerogenic effect as high pressure over a shorter period. 
This is typical of the effect of tightfitting shoes. If the magnitude 
of these forces in a given area is large enough, either skin loss 
or hypertrophy of the stratum corneum (callus) occurs (see 
Fig. 601C). Presence of callus in patients with neuropathy should 
raise a red flag because the risk of ulceration in a callused area is 
increased by two orders of magnitude.

ARTERIAL DISEASE

One of the major factors affecting diabetic foot disease is devel
opment of lowerextremity arterial disease.26 Peripheral artery dis
ease is estimated to be two to four times more common in persons 
with diabetes than in others23,40 (see Chapter 14). Atherosclerosis 
occurs at a younger age in persons with diabetes than in others, 
and its hallmark is involvement of the tibioperoneal vessels, with 
sparing of the pedal vessels. In addition to being more prevalent 
in diabetes, atherosclerosis is more accelerated and results in a 
higher rate of amputations.41–43 Lesions in persons with diabetes 
tend to localize to the infracrural region. Relative sparing of the 
pedal vessels often assists pedal bypass. Occlusive lesions affect
ing the foot and precluding revascularization are not common in 
diabetic patients.23

Purely ischemic diabetic foot ulcers are uncommon, repre
senting only 10% to 15% of ulcers in patients with diabetes. More 
commonly, ulcers have a mixed ischemic and neuropathic origin, 
representing 33% of diabetic foot ulcers.23 Initiation of an ischemic 

ulcer usually requires a precipitating factor such as mechanical 
stress. Ulcers often develop on the dorsum of the foot over the first 
and fifth metatarsal heads. A heel ulcer can develop from con
stant pressure applied while the heel is in a dependent position or 
during prolonged immobilization and bed rest. Once formed, the 
blood supply necessary to allow healing of an ulcer is greater than 
that needed to maintain intact skin. This leads to chronic ulcer 
development unless the blood supply is improved.

INFECTION

Patients with diabetes appear to be more prone to various infec
tions than their nondiabetic counterparts.44 Several factors 
increase the risk of developing diabetic foot infections, includ
ing diabetic neuropathy, peripheral artery disease, and immuno
logical impairment. Several defects in immunological response 
relate to increased infection risk in diabetics. Diabetic patients 
 demonstrate a decrease in function of polymorphonuclear leuko
cytes that can manifest as a decrease in migration, phagocytosis, 
and decreased intracellular activity. Evidence suggests impaired 
cellular immune response as well as abnormalities in complement 
function.45,46 Some of the defects appear to improve with control of 
hyperglycemia.47

Undiagnosed clean neuropathic foot ulcers often convert to 
acute infections with abscess and/or cellulitis.48 Diabetic foot 
infections can be classified into those that are nonthreatening 
and those that are life or limb threatening. Non–limbthreatening 
diabetic foot infections are often mild infections associated with 
a superficial ulcer. They often have less than 2 cm of surrounding 
cellulitis and demonstrate no signs of systemic toxicity. These 
infections have on average 2.1 organisms48 (Table 602). Aerobic 
grampositive cocci are the sole pathogens in 42% of these 
cases, with the most notable organisms being Staphylococcus 
aureus, coagulasenegative S. aureus, and streptococci. These less 
severe infections can often be managed with local wound care, 
rest, elevation, and oral antibiotics on an outpatient basis. A foot 
infection in a diabetic patient can present with a more severe, 
life or limbthreatening picture. In these patients, there is usually 
a deeper ulceration or an undrained abscess, gangrene, or necro
tizing fasciitis. Methicillinresistant S. aureus (MRSA) is an increas
ingly common isolate.44 They tend to have greater than 2 cm of 
surrounding cellulitis, as well as lymphangitis and edema of the 
affected limb. These more severe cases generally present with 
fever, leukocytosis, and hyperglycemia.

In contrast to nondiabetic individuals, complex foot infections 
in diabetic patients usually involve multiple organisms with com
plex biofilm environments.49 Studies report an average of five to 
eight different species per specimen.50–53 These include a combi
nation of grampositive and gramnegative aerobic and anaerobic 
organisms. The most prevalent organisms identified were S. aureus, 
coagulasenegative Staphylococcus, group B Streptococcus, Proteus, 
Escherichia coli, Pseudomonas, and Bacteroides. Recently, MRSA 
infection has become more common in diabetic foot ulcers and 
is associated with previous antibiotic treatment and prolonged 

 
ORGANISM

LOUIE  
(20)

SAPICO  
(32)

GIBBONS  
(100)

WHEAT  
(54)

CALHOUN  
(850)

SCHER  
(65)

GRAYSON  
(96)

LEICHTER  
(55)

Staphylococcus aureus 35 25 54 37 45.9 35.4 56 27.3

Coagulase-negative 
staphylococci

30 9.3 32 32 22.6 27.7 12.5 40

Enterococcus 45 40.6 32 27 28.7 N/A 29 29

Proteus mirabilis 55 28.1 22 17 26.1 55.8 7.3 12.4

Pseudomonas aeruginosa 20 15.6 14 7 15.9 23.1 7.3 9.1

Bacteroides spp. 85 67 67 33 15.6 84.6 31 9.1

TABLE 60-2 Percent Frequency of Bacterial Isolates from Diabetic Foot Infection

Modified from Caballero E, Frykberg R: Diabetic foot infections. J Foot Ankle Surg 37:248, 1998.
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time to healing.44,54,55 Anaerobic infections with Clostridium are 
also common. These patients require immediate hospitalization, 
broadspectrum intravenous (IV) antibiotics, and aggressive surgi
cal débridement. Superficial wound cultures are often unreliable 
because they may demonstrate organisms responsible for coloni
zation that do not affect the associated infection. Deep wound or 
bone cultures are the best way to accurately assess the microbiol
ogy in a diabetic foot infection and assess for osteomyelitis.

Assessment of the Patient  
with a Lower-Extremity Ulcer
Accurate diagnosis of the underlying cause of lowerextremity 
ulceration is essential for successful treatment. The etiology of 
most leg ulcers can be ascertained quite accurately by care
ful problemfocused history taking and physical examination.32 
Diagnostic and laboratory studies are occasionally necessary to 
establish the diagnosis, but are more often performed to guide 
treatment strategy.56

History
Patients with ulcers due to venous insufficiency usually complain 
of aching and swelling of the legs (see Chapter 55). They may 
recount a history of recurrent cellulitis, previous deep vein throm
bosis (DVT), or previous superficial venous surgery. Symptoms 
are often worse at the end of the day, exacerbated when the leg  
is dependent, and relieved by leg elevation.

Arterial insufficiency is suggested by a history of underlying car
diac or cerebrovascular disease, complaints of leg claudication or 
impotence, or pain in the distal foot when supine (rest pain; see 
Chapter 18). Symptoms of arterial insufficiency are due to inad
equate perfusion to the lower extremity relative to its metabolism. 
Tissue hypoxia and the subsequent increase in concentration of 
lactic acid produce pain. Patients may complain of pain in the 
buttocks or calves brought on with activity and relieved with rest 
(intermittent claudication), or pain in the forefoot aggravated by 
elevation and relieved by dependency (rest pain). Presence of an 
extremity ulcer is an easily recognized but late sign of peripheral 
vascular insufficiency. Patients with lowerextremity ulcers result
ing from atherosclerotic disease usually have a risk factor pro
file that includes older age, male sex, smoking, diabetes mellitus,  
hypertension, hypercholesterolemia, and obesity.20,23 Patients with 
leg ulcers and multiple atherosclerotic risk factors often have ath
erosclerosis in other arterial beds.57

Up to one third of patients with diabetes mellitus can have sig
nificant atherosclerotic disease without specific symptoms. The 
common complaints are those of neuropathic disease, which 
include history of numbness, paresthesias, and burning pain in the 
lower extremities. Patients often report previous episodes of foot 
ulcers and chronic skin infections.

Physical Examination
A complete examination can only be performed with the patient 
supine in an examination gown. The patient's vital signs are recorded 
and abnormalities noted; temperature, respiratory rate, heart rate, and 
blood pressure in both upper extremities should be obtained. Fever 
may indicate the presence of an infected ulcer, and tachycardia and 
tachypnea may support the diagnosis of a septic foot.

A classic look, listen, and feel examination includes inspection of 
the skin of the extremities, palpation of all peripheral pulses, mea
surement of anklebrachial indices (ABIs), assessment of extremity 
temperature, auscultation for bruits, and a thorough neurological 
examination.32

Visual inspection coupled with an accurate history can deter
mine the presence of a chronic vascular condition (Fig. 603A). 
Color of the skin is conferred by the blood in the subpapillary layer 
and varies with position of the extremity, temperature of the skin, and 
degree of blood oxygenation (reduced hemoglobin (Hb) → blue).  

Also in chronic arterial insufficiency, the arterioles are maxi
mally dilated as a compensatory response to the chronic isch
emia, intensifying color changes. In acute arterial occlusion, the 
venules empty, leading to a chalky white appearance regardless of 
extremity position. Partial but inadequate perfusion from either an 
incomplete acute or chronic occlusion allows for pooling of blood 
in the venules, which may be red in the cold or blue at higher 
temperatures.

When the extremity is at the level of the heart, the pooled blood 
masks the color imparted by arterial flow. Elevation of the extrem
ity above the level of the central venous pressure (rarely >25 cm) 
allows the pooled venous blood to drain, enabling an accurate 
assessment of the degree of arterial flow. A normal extremity remains 
pink, whereas one with arterial insufficiency becomes pallid.  
Conversely, allowing the extremity to become dependent causes 
an intense rubor or cyanosis. Time of return of blood to the depen
dent extremity is a useful marker of the severity of the  deficit (nor
mally <20 seconds). With diminished nutritional supply to the skin, 
there is thinning and functional loss of dermal appendages, evident 
as dry, shiny, and hairless skin. Nails may become brittle and ridged. 
Comparison of color and trophic changes between extremities gives 
a good indication of the severity of the process unless a bilateral 
deficit is present, in which case the experience of the examiner is 
required to make an accurate diagnosis.

Skin temperature is a reliable indicator of blood flow rate in the 
dermal vessels, although flow is governed primarily by constriction 
or dilation of the arterioles to maintain a constant core tempera
ture. Nevertheless, the temperature of the skin as a marker of per
fusion is useful and can be assessed by lightly palpating the skin 
with the back of the hand and comparing similar sites from one 
extremity to the other. An ischemic limb is cool, and demarcation 
of temperature gives a rough indication of the level of the occlu
sion. Again, assessment of temperature differences is confounded 
when both extremities are affected.

In limbs of patients with venous insufficiency, there is evidence 
of chronic edema. Venous hypertension causes transudation of 
serous fluid and red blood cells (RBCs) into the subcutaneous tis
sue. Hemoglobin from the RBCs breaks down to produce the pig
ment hemosiderin, leading to hyperpigmentation, especially in 
the medial paramalleolar areas. Patients with venous insufficiency 
commonly develop stasis dermatitis. This eczematic process may 
spread from the area of the medial malleolus and involve the leg 
circumferentially. Recurrent cellulitis can cause contraction of 
subcutaneous tissue in the lower third of the leg below the knee, 
and together with the chronic edema can produce a “bottle leg” 
appearance.

ULCER EVALUATION

A thorough evaluation of ulcers of the lower extremity is critical 
in ascertaining etiology and instituting an appropriate treatment 
strategy. Specific characteristics of the ulcer, such as location, size, 
depth, and appearance, should be recorded during the initial eval
uation and with each subsequent followup visit to record progress 
and evaluate the treatment regimen.58 Ulcers of the foot should be 
gently examined with a cottontipped probe to establish the pres
ence of a sinus tract. The margins of the ulcer should be under
mined to evaluate the extent of tissue destruction. Ulcer extension 
to tendon, bone, or joint should be sought. A positive probe 
tobone finding (see Fig. 603B) has a high predictive value for osteo
myelitis and is an extremely sensitive and costeffective screen.59

Extremity ulcerations have a characteristic appearance depen
ding on their origin. Ulcerations due to ischemia are typically 
located on the tips of the toes (see Fig. 602B) and between the 
digits. These lesions often appear punched out and are painful 
but exhibit little bleeding. Ischemic ulcers are characterized by 
absence of bleeding, pain, precipitating trauma, or underlying foot 
deformity. They also often develop on the dorsum of the foot 
and over the first and fifth metatarsal heads. Ischemic ulcers are 
uncommon on the plantar surface because pressure is usually 
less sustained and perfusion better. A heel ulcer can develop 
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from  constant  pressure applied while the heel is in a dependent 
position or during  prolonged immobilization and bed rest. It 
should not be a surprise that a patient with relatively mild symp
toms of arterial insufficiency develops limbthreatening extremity 
ulcers. This is because once an ulcer is present, the blood supply 
necessary to heal the wound is greater than that needed to main
tain intact skin. A chronic ulcer will develop unless blood supply 
is improved.

Elevated venous pressure due to perforator or deep vein 
incompetency or venous thrombosis reduces the pressure gra
dient for perfusion. Inadequate tissue perfusion results because 
elevated venous pressure and venous stasis hinder clearance of 
breakdown products. However, venous ulcers rarely present in 
the foot; they are more commonly located in the “gaiter” distribu
tion of the leg around the medial malleolus, where venous pres
sures are  highest. These are associated with a swollen leg with a 
distinctive skin appearance (see Fig. 602A). Venous ulcerations 
occur most commonly on the medial aspect of the ankle and 
are surrounded by areas with induration and brown pigmenta
tion of the surrounding area (brawny induration) and scaling 
skin. These ulcers are often exquisitely tender and weep copious 
serous fluid.

The appearance of the extremity in venous insufficiency is 
 distinctive and rarely poses a problem distinguishing between it 
and arterial insufficiency. It is important to differentiate the rubor 
associated with vascular insufficiency and cellulitis accompa
nying an infective process. Cellulitic color changes will persist 
despite extremity elevation. With isolated venous insufficiency, the 
extremity is warm and variably swollen, with the characteristic skin 
changes described earlier. Acute or chronic arterial vascular insuf
ficiency may be superimposed on the changes of chronic venous 
insufficiency (CVI), impairing healing of the venous ulcer. In these 
situations, lowerextremity revascularization may be required 
to assist in healing a venous ulceration that is not responding  

appropriately to compression therapy. Furthermore, the presence 
of significant lowerextremity swelling or skin changes can compli
cate arterial reconstructions by altering the surgical approach to 
distal arterial target sites.

Neuropathic ulcerations typically occur at the heel or over 
the metatarsal heads on the plantar surface at pressure points 
(mal perforans ulcer; see Fig. 602C) but may also occur in less 
 characteristic locations secondary to trauma. They usually 
are painless. Sensory neuropathy in the diabetic patient may 
allow the destructive  process to go unchecked, with extension 
into the deep plantar space and minimal appreciation by the 
patient.

In addition to ulcers, patients may present with varying 
degrees of tissue loss or frankly gangrenous digits, forefoot, or 
hindfoot. Presence of dry gangrene is a relatively stable process 
allowing for a complete vascular evaluation; however, any pro
gression to an infected wet gangrene requires immediate surgi
cal débridement.

VASCULAR EXAMINATION

A careful physical examination should be performed in 
patients with leg ulcers to elucidate their underlying cause (see 
Chapter 11). Handheld Doppler ultrasound should be used in 
case of inability to easily palpate a given vessel. These can be 
supplemented with noninvasive vascular tests (see Chapter 12) 
and other diagnostic tests as necessary for each clinical situation. 
An ABI is an important tool for assessing perfusion to the foot. 
Patients with an ABI less than 0.6 often experience claudication, 
and those with an ABI less than 0.3 may complain of rest pain; in 
patients with tissue loss, the ABI is often less than 0.5.60 In patients 
with diabetes and renal failure due to calcification of the vessel, 
ABI may be falsely elevated and is unreliable for evaluating level 
of ischemia.

A B

C D

FIGURE 60-3 Examination of the foot. A, Visual. B, Probing the wound. C, Using Semmes-Weinstein monofilament. D, Transcutaneous oximetry.
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If the physical examination suggests venous insufficiency, a 
Trendelenburg test should be performed to assess valve function 
of the deep venous system and perforators. The patient is placed 
in a supine position and the legs elevated. After decompression 
of the superficial veins occurs, a tourniquet is placed around the 
patient's thigh and he or she is asked to stand. If the varicose veins 
do not fill within 60 seconds below the tourniquet, the valves in the 
deep system and perforators are not compromised, and proximal 
saphenous vein incompetence is likely.

NEUROLOGICAL EXAMINATION

The lowerextremity neurological examination is essential and 
should include testing for motor strength, deeptendon reflexes, 
and vibratory, proprioceptive, and protective sensation.61 Chronic 
ischemia can cause varying patterns of sensory loss that is usu
ally within the affected arterial distribution. Neuropathy occurs in 
42% of patients with diabetes within 20 years after diagnosis of 
the disease27 and alters motor, sensory, and autonomic function,  
which directly affect the dynamic function of the foot during 
gait. The gait of the patient should be observed to detect any gross 
asymmetry or unsteadiness.

Motor neuropathy is associated with demyelinization and 
motor endplate damage, which contribute to conduction defects. 
Atrophy of the small intrinsic muscles of the foot occurs secondary 
to distal motor nerve damage. Wasting of the lumbrical and inter
osseous muscles of the foot results in collapse of the arch and loss 
of stability of metatarsalphalangeal joints during midstance of the 
gait.1 Overpowering by extrinsic muscles can lead to depression 
of the metatarsal heads, digital contractures, and cockedup toes. 
These changes result in abnormal pressure points, increased shear
ing, and ulcer formation.

Diabetic sensory neuropathy is typically a stockingglove distri
bution and is associated with a decrement in vibration and two
point discrimination. Loss of protective sensation due to peripheral 
neuropathy is the most common cause of ulceration in the diabetic 
population. The use of monofilament gauges (SemmesWeinstein) 
is a good objective way of assessing diabetic neuropathy61  
(see Fig. 603C). Patients with normal foot sensation usually can feel  
a 4.17 monofilament (equivalent to 1 g of linear pressure). Patients 
who cannot detect a 5.07 monofilament when it buckles (equiva
lent to 10 g of linear pressure) are considered to have lost protec
tive sensation.62,63 Several crosssectional studies have indicated 
that foot ulceration is strongly associated with elevated cutaneous 
pressure perception thresholds.61 Magnitudes of association, how
ever, were provided in a casecontrol study64 where an unadjusted 
sevenfold risk of ulceration was observed in those patients (97% 
male) with insensitivity to the 5.07 monofilament. Screening is 
vital in identifying diabetic neuropathy early, thus enabling earlier 
intervention and management to reduce the risk of ulceration and 
lowerextremity amputation. Although a nerve conduction velocity 
test (also called nerve conduction study [NCS]) is the gold stan
dard, its expense and limited availability prevent its widespread 
application as a screening tool for diabetic neuropathy. Semmes
Weinstein monofilament is a convenient, inexpensive, painless 
alternative to NCS that should be used in the initial evaluation of 
all patients with diabetes mellitus as a screen for peripheral neu
ropathy. A positive SemmesWeinstein monofilament result is a sig
nificant predictor of future ulceration and likely lowerextremity 
amputation as well in patients with diabetes mellitus.65 If diabetic 
patients have positive monofilament results, their chances of ulcer
ation increase by 10% to 20%, corresponding to a 2.5 to 5 times 
higher risk than patients with normal sensation as determined by 
monofilament. Additionally, the risks of leg amputation increase 
5% to 15%, which corresponds with a 1.5 to 15 times higher risk 
for patients with diabetes mellitus with positive monofilament 
results compared to those with negative monofilament results.  
The SemmesWeinstein monofilament is an important evidence
based tool for determining which patients are at increased risk of 
complications during followup, leading to improved patient selec
tion for early intervention and management. Ultimately, screening 

with SemmesWeinstein monofilament may lead to improved clini
cal outcomes for patients with diabetes.65

The presence of neuropathy mandates attention to the bio
mechanics of the foot. The role of the podiatrist or foot surgeon 
in evaluating these patients cannot be underscored enough.2 
Use of a computerized gait analysis system to assess abnormally 
 highpressure areas has led to greater use of orthotic devices to pre
vent skin breakdown. For example, an Fscan system uses an ultra
thin Tekscan sensor (Tekscan Inc., South Boston, Mass.) consisting 
of 960 sensor cells (5 mm2 each). The sensor is used in a floor mat 
system designed to measure barefoot or stockingfoot dynamic 
plantar pressures, indicating those individuals with pressures of 
6 kg/cm2 or greater. Abnormal mechanical forces that can result in 
ulcerations should be addressed with the use of offloading devices 
or other modalities to assist wound healing.

Particular attention should be paid to documenting a complete 
neurological examination on patients who have suffered from a 
previous stroke; much of the rationale for extremity salvage hinges 
on potential for rehabilitation. The remainder of the physical exam
ination should be undertaken with attention to the presence of 
comorbidities that may influence the decisionmaking process.

Tests and Imaging Techniques
Use of nondiagnostic imaging techniques by duplex ultrasound 
has been covered in depth in Chapter 12. Other noninvasive imag
ing methods useful in the assessment of patients with leg ulcers 
include plain radiography, magnetic resonance imaging (MRI), 
and magnetic resonance angiography (MRA; see Chapter 13).66 
Imaging techniques can be used to diagnose osteomyelitis and 
confirm the presence of bony deformities. Plain film radio graphy 
is used primarily to exclude bony lesions as a cause of a patient's 
pain complaints, assess the presence of osteomyelitis beneath a 
ulcerated foot lesion, and assess the degree of vascular wall cal
cification (usually in concert with standard IV contrast angiog
raphy). Plain films of the foot are relatively inexpensive and can 
show softtissue swelling, disruption of bone cortex, and perios
teal elevation. Magnetic resonance imaging can provide details 
of pathological anatomical features and has high sensitivity for 
assessment of deep space  infection and presence of osteomyeli
tis in the diabetic foot.

Assessment of a patient with foot ulcers stemming from PAD 
encompasses a thorough history and physical examination with 
adjunctive use of the noninvasive vascular laboratory to con
firm, localize, and grade lesions.60 Although multiple noninva
sive and invasive methods are available to assess the peripheral 
vasculature, it should be obvious that not every patient requires 
an exhaustive battery of tests to evaluate his or her vascular sta
tus. In general, only those tests likely to provide information that 
alters the course of action should be performed. Differing clini
cal syndromes mandate the extent of peripheral vascular testing. 
It is imperative that flowlimiting arterial lesions be evaluated and 
reconstructed or bypassed if ischemic foot ulcers are to heal.

Management of Ulcers
General
Aggressive mechanical débridement, systemic antibiotic ther
apy, and strict non–weightbearing are the cornerstones for effec
tive wound care.67 Sharp débridement in the operating room or 
at the bedside, when applicable, allows for thorough removal of 
all necrotic material and optimizes the wound environment.68 All 
necrotic bone plus a small portion of the uninvolved bone, soft 
tissue, and devascularized structures should be excised, and the 
degree of penetration of the infection should be established.68 
Curettage of any exposed or remaining cartilage is important to 
prevent this avascular structure from becoming a nidus of infec
tion. Foot soaks, whirlpool therapy, or enzymatic débridement 
provide modest benefit but are rarely effective and may lead to 
further skin maceration or wound breakdown. No prospective 
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 randomized studies have demonstrated the superiority of dressing 
products compared with standard saline wettodry sterile gauze 
in establishing a granulation bed. Use of moist dressings in clean 
granulating wounds is recommended to enhance the wound envi
ronment.21,69 An ideal dressing not only provides protection against 
further bacterial contamination but also maintains moisture bal
ance, optimizes wound pH, absorbs fibrinous fluids, and reduces 
local pain. Various dressings are currently available to target spe
cific characteristics of the wound70; however, moist normal saline 
dressings are probably sufficient for most wounds. These inexpen
sive dressings are highly absorptive of exudative drainage and 
maintain the moist environment.

In the presence of infection and cellulitis, oral antimicro
bial therapy should be instituted on the basis of the suspected 
pathogen and clinical findings. Severe infections should be 
treated with broadspectrum IV antibiotics,71 with particular 
emphasis on the role of biofilms.49 After bacterial contamina
tion has been controlled, small ulcers can usually be excised 
and closed immediately. Large open wounds, however, are 
treated with a staged approach with frequent débridement 
and establishment of a granulation base. The clean wounds 
can then be closed with healthy tissue, with the use of local 
or freeflap coverage and softtissue repair. Meticulous surgi
cal reconstruction of these wounds can help avert the produc
tion of inelastic scar tissue over weightbearing surfaces. Any 
remaining extrinsic or intrinsic pressures can be reduced with 
the postoperative use of orthoses.

Surgical correction of biomechanical defects, plastic and soft
tissue reconstruction, and appropriate measures to minimize foot 
pressure are all essential to enable the patient to walk effectively 
again. In cases of gross wound infections and rampant cellulitis, 
use of a silvercontaining medication such as Silvadene may be 
necessary in the initial setting to reduce bacterial load. Oral antimi
crobial therapy should be instituted on the basis of the suspected 
pathogen and clinical findings. Intravenous antimicrobials should 
be administered for severe infections. Use of bioactive drugs (e.g., 
recombinant plateletderived growth factor [PDGF], Regranex) or 
skin substitutes (e.g., Apligraf, Dermagraft) show promising results 
and have proven useful under specific circumstances. Likewise, the 
use of negative pressure wound therapy has been a big advance in 
the care of advanced wounds.72–74 A clinical practice algorithm for 
foot ulcers75 is seen in Figure 604.

Offloading strategies such as total contact casting or remov
able walkers has resulted in significant decreases in healing 
times.76,77 Stresses placed on the foot can be intrinsic, as was 
 previously described with respect to digital contractures, or 
extrinsic in nature. These external forces can result from inappro
priate footwear, traumatic injury, or foreign bodies. Shoes that are 
too tight or too shallow are a frequent yet preventable component 
to development of neuropathic ulcers. Various shoe modifications 
such as the rockersole design and different types of insoles have 
made it  possible to reduce plantar foot pressures, thus decreasing 
the risks of ulceration.78–80

Venous Ulcers
Elevation of the leg is a simple maneuver that can effectively (but 
temporarily) eliminate venous hypertension. All patients should 
be encouraged to elevate the affected leg above the level of the 
heart for 2 to 3 hours during the day and when lying in bed at 
night. Compression therapy is also effective in controlling edema 
and accelerates healing of ulcerations. However, before compres
sion is applied to the limb, significant occlusive arterial disease 
should be excluded. Compression therapy is generally contrain
dicated in patients with an ABI less than 0.7 or with other signs 
and symptoms of compromised blood supply to the leg. Many 
different types of compression devices are available, including 
elastic and nonelastic bandages, graduated compression stock
ings (GCS), and compression pumps. The most effective way of 
 delivering  compression must be decided on an individual basis. 

Compression should be applied just before arising from bed and 
removed at bedtime.

Treatment of stasis dermatitis minimizes further trauma to 
the skin from scratching. Pruritus can be controlled by topically 
applied corticosteroids, orally administered antihistamines, or 
both. The goal of local wound care in patients with venous ulcers 
is to minimize stasis, decrease bacterial contamination of the ulcer, 
and provide a healthy moist wound environment that promotes 
healing. Heavily contaminated venous ulcers with surrounding 
cellulitis may require systemic antibiotic therapy in addition to 
local wound control. The predominant organisms cultured from 
chronic ulcers are grampositive pathogens like S. aureus and 
Streptococcus pyogenes. The most common gramnegative bacteria 
are Pseudomonas aeruginosa, especially in the diabetic population. 
Various moisture retentive dressings can be used in conjunction 
with compression therapy to relieve pain, débride necrotic tissue, 
and promote  granulation tissue formation.

The goal of surgical treatment in venous insufficiency is to cor
rect underlying pathology. Surgical intervention can result in heal
ing up to 90% of ulcers and modest longterm results if diagnostic 
studies can adequately characterize and localize the incompe
tent superficial or perforating system valves.81 Ulcer recurrence is 
significantly less after superficial venous surgery and use of com
pression stockings when compared with compression therapy 
alone.82,83 If reflux exists in the deep venous system, ligation and 
stripping of the superficial veins has a poor result and high ulcer 
recurrence rate. For patients who are young and understand the 
importance of longterm compression therapy and adjunctive anti
platelet or anticoagulant therapy, reconstruction of vein valves can 
be recommended.84,85

Ischemic Ulcers
Management of ischemic ulcers follows some basic guiding prin
ciples. It is imperative that flowlimiting arterial lesions be eval
uated and reconstructed or bypassed.86 In general, the optimal 
strategy is to perform revascularization, if indicated, as soon as 
possible. Closure of the ulcer by primary healing or secondary 
reconstructive surgery will then be expedited. If revasculariza
tion of an ischemic ulcer is not possible for medical or techni
cal reasons, amputation of the foot or limb will most likely result. 
Contraindications to revascularization include nonambulatory 
patients and a foot phlegmon with sepsis or excessive foot gan
grene, precluding a functional foot despite adjunctive plastic sur
gical procedures such as skin grafts and free flaps.

Nonoperative management of patients with lowerextremity isch
emia consists of general wound care measures. As a rule, however, 
severe ischemia of the lower limb generally requires an interven
tional approach. The method of revascularization of the affected 
limb depends on several factors, among the most important being 
the indications for surgery, the patient's operative risk, arterio
graphic findings, and available graft material. Chapter 21 reviews 
these important issues.

Diabetic Ulcers
The role of a multidisciplinary group of consultants in the manage
ment of diabetic ulcers cannot be overemphasized.87 Successful 
management of foot ulcers involves recognition and correction 
of the underlying etiology, as well as appropriate wound care and  
prevention of recurrence. Assessment of the ulcer consists of deter
mining the size and depth of the wound and inspection of the 
surrounding area for local signs of infection or gangrene. Several 
classification systems have been devised for descriptive purposes 
and act as prognostic indicators.88

The absence of systemic manifestations such as fever, chills, or 
leukocytosis is an unreliable indicator of underlying infection, espe
cially in the diabetic immunocompromised population. The use of 
plain films to rule out osteomyelitis or deep culture of the wound is 
frequently necessary.
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Neuropathic and Musculoskeletal Management
To avoid major amputations in these chronic neuropathic wounds, 
reconstructive foot surgery may often become the conservative 
treatment. The endpoint for chronic diabetic foot wounds should 
include reduction in the number of major amputations, prevention 
of infection, decreased probability of ulceration, maintenance of 
skin integrity, and improvement of function. Successful  outcomes 
for diabetic foot reconstruction should result in less intrinsic 
pressures via minor amputations, arthroplasties,  osteotomies, 
condylectomies, exostosectomies, tendon procedures, and joint 
arthrodesis.87 Open wounds can be treated in one stage and are pri
marily closed with premorbid tissue using local flap  reconstruction 
and  softtissue repair.89 Plastic surgical repair of these wounds can 

help avoid production of inelastic scar tissue over weightbearing 
surfaces.90 Extrinsic and intrinsic pressures can be further neutral
ized with postoperative accommodative shoe gear.76,77 Prophylactic 
diabetic foot surgery is an increasingly used option to prevent 
recurrent ulceration and reduce the risk of major amputations.91,92 
Surgical biomechanics, plastic and softtissue  reconstruction, and 
appropriate offloading are all essential to  creating a stable  platform 
from which to keep these difficult patients free from tissue break
down and as functional as possible.

Treatment of pedal softtissue deficits in the diabetic patient 
population continues to be a medical and surgical challenge 
that extends the length of the patient's disability and signifi
cantly increases the cost of medical care. Simple closure of 
these wounds is often difficult because of preexisting bone defor
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Débridement
Deep cultures

Topical wound care
Antibiotics
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FIGURE 60-4 Algorithm for evaluation and management of foot ulcers.
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mity, tissue inelasticity, location of the defect, and superimposed  
osteomyelitis. Clinical pathways related to diabetic foot ulcers fre
quently involve persistent sharp débridement, expensive wound 
care products, longterm IV antibiotics, total contact casting, total 
contact casting with Achilles tendon lengthening, use of skin 
equivalents, electrical stimulation, multiple offloading orthopedic 
devices, and even amputation.

Wounds are often allowed to granulate, contract, and heal by 
secondary intention. Use of negative pressure wound therapy has 
increased the armamentarium of wound specialists and has signifi
cantly improved outcomes.74,87 When these wounds occur on the 
plantar aspect of the foot, they frequently recur, since the resulting 
scar has decreased extensibility and mobility. Attempted primary 
wound closure of diabetic pedal defects is frequently unsuccess
ful and may be a sequela of inadequate wound assessment, lack of 
proper evaluation of comorbidities, and an inadequate treatment 
plan.93 Reconstructive surgery has traditionally been performed on 
selected patients with severe deformities that cannot be accom
modated by custom footwear. Some authors have stressed the 
importance of addressing the underlying bony pathology in treat
ing diabetic foot problems and have dispelled the unfounded fear 
of performing surgery on diabetic feet.89,91,92

Reconstructive surgery can range from simple metatarsal 
head resections to subtotal calcanectomies. Local flaps that are 
often difficult to elevate and inset are more easily mobilized and 
incised when concomitant bone resection is achieved at the time 
of flap creation. In addition, a local flap results in greater expo
sure and direct visualization of the underlying osseous struc
tures compared with a single linear or semielliptical incision. 
Implementation of local random flaps can eliminate the need for 
additional incisions often deemed necessary to gain access to a 
forefoot, midfoot, or rearfoot bony defect. Use of negative pressure 
wound therapy has greatly enabled salvage of these complex limb 
wounds.74,87

Summary
Chronic leg ulcers are frequently encountered in clinical prac
tice. The cost of chronic nonhealing wounds is enormous. 
Considerable morbidity and mortality are associated with ulcer
ations of the lower limbs in both diabetic and nondiabetic 
patients. The role of the primary care physician in evaluation, 
diagnosis, and management of lowerextremity wounds is critical. 
Careful assessment of vascular disease, evaluation and manage
ment of biomechanical and metabolic abnormalities, and aggres
sive treatment of any infections are required. A multidisciplinary 
approach provides a comprehensive treatment protocol and sig
nificantly increases the chances of successfully healing the ulcer 
and preventing recurrence.
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Treatment of vascular trauma in the civilian and military venues has 
had a symbiotic relationship. Although German surgeons accom-
plished a limited number of arterial repairs in the early part of World 
War I, ligation of major arterial injuries was not abandoned until the 
Korean Conflict in the 1950s. Until that time, arterial ligation was 
used preferentially, and some experts of the day felt there was little 
place for definitive arterial repair of the combat wound. Review of 
the arterial injuries during World War II revealed that arterial liga-
tion was followed by gangrene and amputation in half the cases.1 
After World War II, significant advances made in civilian hospitals 
included atraumatic vascular clamps, monofilament sutures, arte-
riography, and prosthetic grafting. These advances made it possi-
ble to repair arterial injuries in the battlefield, such that during the 
Korean conflict, the overall amputation rate was reduced to 13%.2 
The latest innovation in vascular surgery, the “endovascular revolu-
tion,” is rapidly changing our approach to managing some compo-
nents of vascular trauma in the civilian setting.3 It is unclear to what 
extent these techniques will facilitate care in the battlefield.

Trauma remains the leading cause of death in the 15- to  44-year-old 
age group in the United States. The prevalence of  iatrogenic 
 vascular injury has increased in tandem with the number of cathe-
ter-based invasive procedures.4 Overall, arteries in the lower extremi-
ties are injured more than other anatomical areas. In this chapter, 
the basic definitions and treatment strategies for vascular trauma are 
described.

Basic Concepts and Definitions
Vascular trauma occurs in a finite number of archetypes that are 
directly dependent on the mechanism of injury. Vascular trauma 
can be related to two major categories of injury: penetrating and 
blunt. The resulting injury to the artery and its treatment can vary 
dramatically based on mechanism of injury. The clinical presenta-
tion of arterial injury may include external or internal bleeding, 
regional ischemia, pulsatile hematoma, and shock. The clinical pre-
sentation depends as much on location of the injured vessel(s) as 
on the mechanism itself.

Penetrating trauma, usually by way of stab or missile wounds, 
creates varying degrees of laceration to a vessel, with the most 
severe being transection. Complete transection of a vessel allows 
the ends of the vessel to retract and spasm, and in some scenarios 
is associated with arterial thrombosis. In this instance, thrombosis 
prevents hemorrhage, thus preserving circulatory homeostasis. It 
should be noted that most often, vessel spasm minimizes bleed-
ing in an underresuscitated patient. However, once the patient has 
been adequately resuscitated (with intravenous [IV] fluid or blood 
products) and normal blood pressure and systemic perfusion are 
restored, bleeding from the transected ends may resume. Vessels 
with incomplete transection or laceration tend to bleed more pro-
fusely because of their inability to retract and spasm.

Blunt injury to an artery disrupts the integrity and structure of 
the wall. Severity of the injury ranges from small intimal disrup-
tion to focal dissection to transmural injury with thrombosis or 
extravasation. Blunt injuries can be more indolent in their presen-
tation but result in just as devastating outcomes as those seen in 
penetrating trauma. Arteries that are tethered at a portion or seg-
ments in their course through the body are more susceptible to 
blunt injury because of the shearing force associated with accel-
eration and deceleration. Shear forces associated with injury often 
cause deformation of the vessel wall that may cause transmural 
disruption or dissection, frequently in the proximal descending 
aorta. Smaller arteries subjected to shear forces (e.g., renal arter-
ies) develop focal intimal flaps.

Pseudoaneurysm/Traumatic Arteriovenous 
Fistula
False aneurysms, or pseudoaneurysms, differ from true aneurysms 
in that they lack all three normal elements of the arterial wall. The 
most common etiology of false aneurysms is trauma, related to 
either catheter-based interventions or injury. Vascular trauma to 
the artery wall that can result in false aneurysms can be either pen-
etrating or blunt in nature. Infection can complicate the clinical 
course of pseudoaneurysms when there is inadvertent puncture of 
arteries associated with drug abuse, contamination or secondary 
seeding after percutaneous intervention, or as a consequence of 
bacterial seeding in the presence of a prosthetic vascular anasto-
mosis. Arteriovenous fistulae (AVFs) are abnormal direct commu-
nications between an artery and vein. These communications can 
be iatrogenic, congenital, or acquired.

Signs of Vascular Trauma
The hard signs of vascular trauma warrant urgent or immedi-
ate operative exploration and intervention (Box 61-1). In many 
instances, these patients present with systemic shock, and resusci-
tative efforts are best coordinated in the operating room. The soft 
signs of vascular injury (see Box 61-1) require further diagnostic 
evaluation to plan intervention if needed. Depending on the hemo-
dynamic status of patients with soft signs of vascular injury, sub-
sequent evaluation may include invasive or noninvasive imaging 
techniques.

Hemorrhagic Shock
Hemorrhagic shock is a condition of reduced tissue perfusion due 
to inadequate delivery of oxygenated blood, resulting in anaero-
bic metabolism, acidosis, and deleterious alterations to cell func-
tion. Because bleeding may be a major complication associated 
with vascular trauma, it is important to provide information on the 
kinds of shock that may be associated with these injuries. There 
are four types of hemorrhagic shock, ranging in severity based on 
the amount of blood lost. Clinical characteristics associated with 
the degree of hemorrhagic shock are described in Table 61-1.

Ischemia/Reperfusion Injury
Ischemia/reperfusion is a complex pathological process  involving 
intracellular and extracellular processes that result in meta-
bolic, thrombotic, and inflammatory changes in brain, intestine, 
heart, kidney, and skeletal muscle. A devastating component of 
 ischemia/reperfusion injury is the paradoxical increase in tissue 
injury  associated with restitution of blood flow to ischemic tis-
sues. The myonephropathic-metabolic syndrome was described by 
Haimovici in a few patients who underwent lower-extremity revas-
cularization following acute ischemia in the late 1950s, providing 
one of the first published clinical observations of limb ischemia 
and reperfusion.5,6 These patients experienced ongoing lower-
extremity necrosis and myoglobin-induced renal failure in the 
presence of palpable pulses.

One of the most severe components of ischemia/reperfusion 
injury, the paradoxical decrease in blood flow following restora-
tion of perfusion, was described initially as a no-reflow phenome-
non in the brain,7 and May et al. described the same phenomenon 
10 years later in skin flaps.8 These investigators described cellu-
lar swelling, intravascular aggregation of cellular components of 
blood (platelets, neutrophils), and leakage of intravascular fluid 
into the interstitial space as basic mechanisms whereby tissue flow 
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is decreased during reperfusion, providing the first definitive his-
tological evidence to support the existence of the no-reflow phe-
nomenon. From a biochemical perspective, it is useful to discuss 
this process in terms of its components: ischemic injury and reper-
fusion injury.

ISCHEMIC INJURY

There is a differential degree of tissue ischemia tolerance for vari-
ous organs that is dependent on each tissue's baseline metabolic 
demand. Critical ischemia of human skeletal muscle under nor-
mothermic conditions is more than 2 hours, whereas jejunum 
develops histological changes after approximately 30 minutes of 
ischemia. Decreased oxygen delivery to tissue results in decreased 
mitochondrial energy production (adenosine triphosphate [ATP] 
synthesis, oxidative phosphorylation) and a marked decrease in 
cellular energy stores (ATP content). Inadequate energy stores 
result in disturbances of cellular ion homeostasis, activation of 
hydrolases, and increases in permeability of cellular membranes. 
As ischemia progresses, there is a logarithmic increase in adverse 
ion homeostasis and activation of hydrolases. As ATP is degraded, 
cellular lysosomes leak hydrogen ions, and cells increase their gly-
colytic rate, resulting in cellular acidosis. Acidosis impairs the func-
tion of Na+/K+-ATPase and other enzymes responsible for managing 
cellular ion homeostasis, resulting in increased cytosolic Na+ and 
Ca2+ concentrations. Increased levels of Ca2+ concentration acti-
vate phospholipases (especially phospholipase A2) and proteases 
 (calpains), which enhance tissue injury. Activated phospholipases 
and calpains respectively degrade membrane phospholipid moi-
eties and cytoskeletal proteins to exacerbate tissue injury.

Key events occur during ischemia that set the stage for wors-
ening injury during reperfusion. One of these is the conversion of 
xanthine dehydrogenase (D) to xanthine oxidase (O). Xanthine 
dehydrogenase uses NAD+ as an electron acceptor during the oxi-
dation of xanthine and hypoxanthine. Heat, proteolysis, and reduc-
ing agents such as sulfhydryl compounds can transform the D to 
the O form, which is incapable of using NAD+ as an electron acceptor. 
The O form uses oxygen as an electron acceptor, and generates 
superoxide anion and hydrogen peroxide during the oxidation 

of hypoxanthine and xanthine. Some investigators have proposed 
that calcium mediated activation of proteases converts the dehy-
drogenase form to the oxidase form.

REPERFUSION INJURY

There are metabolic, thrombotic, and inflammatory components of 
reperfusion injury. The degree to which reperfusion either restores 
tissue integrity or exacerbates ischemic injury is dependent primar-
ily on the duration of ischemia. It is indeed paradoxical that moder-
ate ischemia followed by reperfusion may cause a more fulminant 
postischemic tissue injury than ischemia alone. However, without 
reperfusion, the loss of function in the brain, gut, heart, or limb may 
have more catastrophic outcome than seen with reperfusion.

Vascular endothelium plays a major role in modulating the tis-
sue response to reperfusion. The generation of reactive oxygen 
metabolites by calcium-mediated xanthine oxidase–dependent 
pathways in vascular endothelium during reperfusion contribute 
to local injury, vascular permeability, and autocrine and paracrine 
signaling. The increased generation of reactive oxygen metabolites 
during reperfusion compromises production of nitric oxide (NO) 
and prostaglandins (PGs), which contributes to alteration of vas-
cular tone. Decreased endothelial ATP levels results in a loss of 
the apposition of endothelial monolayers, which triggers both an 
increase in vascular permeability and a decrease in vascular tone.

It is the induction of inflammatory mediator protein synthesis/
deposition, decreased vascular tone, and endothelial cell (EC) 
apposition that leads to the development of the no-reflow phe-
nomenon. A variety of inflammatory mediators are delivered by 
bloodborne cells (macrophages, lymphocytes, neutrophils, mast 
cells, platelets) to reperfused tissues. Noncellular elements, such 
as the complement system, reactive oxygen species (ROS), nitric 
oxide, and pro- and antiinflammatory cytokines, are also believed 
to modulate the complex scenario of reperfusion injury. Ischemia/
reperfusion injury is believed to manifest clinically as develop-
ment of cardiac arrhythmias, the evolution of stroke,  translocation 
of bacteria across the bowel wall following revascularization, 
early organ dysfunction following transplant, and compartment 
syndrome.

Compartment Syndrome
Acute compartment syndrome is a surgical emergency. Comp-
artment syndrome may be defined as increased tissue pressure in 
a closed myofascial space, resulting in disturbed microcirculation 
that leads to irreversible neuromuscular ischemic damage.9 Acute 
compartment syndrome most commonly occurs following lower-
limb trauma. Emergency decompression through open and exten-
sive fasciotomies is the treatment of choice. The cardinal clinical 
feature is severe pain, greater than would be expected from the origi-
nal insult. The pain may be exacerbated by passive extension of the 
tendons crossing the symptomatic compartment or arising from 
the muscles within it. Among other clinical features, the first is usu-
ally hypoesthesia, followed by compartment distension and mus-
cle weakness in the later stages. The need for prompt intervention  

 COMPENSATED (I) MILD (II) MODERATE (III) SEVERE (IV)

Blood loss (mL) <1000 1000-1500 1500-2000 >2000

Heart rate (bpm) <100 >100 >120 >140

Blood pressure Normal Orthostatic change Marked hypotension Significant hypotension

Capillary refill Normal Sometimes delayed Usually delayed Delayed

Respiratory rate Normal Mild increase Moderate tachypnea Significant tachypnea

Urinary output >30 mL/h 20-30 mL/h 5-20 mL/h Anuria

Mental status Normal or agitated Agitated Confused Lethargic, obtunded

TABLE 61-1 Classification of Hemorrhagic Shock

Hard Signs
Pulsatile bleeding
Expanding or pulsatile hematoma
Absent distal pulse
Signs of distal ischemia (six Ps*)
Palpable thrill or audible bruit

Soft Signs
Wound in close proximity to known vessel
Stable hematoma
History of hemorrhage
Peripheral nerve deficit

Box 61-1 Hard and Soft Signs of Vascular Injury

*Pain, pallor, pulselessness, paresthesias, poikilothermia, paralysis.
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and the benefits of timely surgical decompression require a high 
index of suspicion and effective clinical assessment to make the 
diagnosis. Clinical assessment may be supported by compartment 
pressure measurements, in which a needle is inserted into the com-
partment and pressure monitored using a pressure transducer. The 
pressure that indicates a need for fasciotomy has not been uni-
versally established, although a pressure greater than 30 mmHg is 
widely accepted as abnormal. Other authors advocate a threshold 
that relates to the diastolic blood pressure, with compartment pres-
sures within 30 mmHg of the diastolic pressure indicating a need 
for fasciotomy.

A recent 10-year review of the incidence of compartment 
syndrome in a mature level I trauma center indicated that after 
lower-extremity trauma, 2.8% of patients will require fasciotomy. 
A stepwise logistic regression identified the presence of vascu-
lar injury (arterial, venous, or combined), need for packed red 
blood cell (RBC) transfusion, male gender, open fracture, elbow 
or knee dislocation, and age younger than 55 as independent 
predictors for the need for fasciotomy after extremity trauma. 
Combined arterial and venous injury resulted in fasciotomy in 
42% of patients.10

TECHNIQUE OF FASCIOTOMY

A single method of fasciotomy is not universally suitable for all 
indications. Fasciotomy through limited skin incisions has been 
both advocated and denounced by many specialists. The rationale 
for limited skin incisions is based on the concept that the fascia is 
the limiting constrictive tissue, whereas the skin contributes to the 
tamponade in certain instances. Limited skin incision fascio tomy 
is associated with minimal or no morbidity. Infection is less likely, 
and this technique does not leave large open wounds that can be 
troublesome in the setting of anticoagulant therapy. In the perfor-
mance of limited fasciotomy, the skin is not incised along the length 
of the extremity. By two or three short vertical incisions, the investing 
fascia can be identified and incised. Long skin incisions are neces-
sary when there is massive swelling and when, on clinical examina-
tion, the skin contributes to the constrictive process. The incisions 
are planned such that vascular or nerve repairs are not exposed. In 
the posterior medial long incision, it is necessary to release the deep 
compartment by retracting the gastrocnemius and soleus muscles. 
In the anterolateral incision, the investing fascia is incised, and the 
extensor digitorum and peroneal muscles are separated where the 
deep peroneal nerve can be seen. In the upper extremities, the inci-
sions are made from just proximal to the wrist to the elbow.

Thoracic Vascular Injury
With the heart, great vessels, brachiocephalic vessels, and descend-
ing aorta housed within the confines of the thorax, mortality follow-
ing vascular injury is associated with exsanguinating hemorrhage 
at the scene. Hemothorax associated with penetrating trauma can 
be managed with a chest tube, but if a major vascular structure 
is involved, patient survival is largely dependent on whether there 
is free hemorrhage or a contained hematoma. It is estimated that 
over 80% of patients suffering blunt trauma to the aorta will die at 
the scene of the accident.11

Thoracic/Cardiac Box
Penetrating wounds to the thoracic, or cardiac, “box” are concern-
ing for injury to the heart, bronchial tree, esophagus, and great ves-
sels. Injuries to these structures can be devastating, and delay in 
diagnosis has morbid consequences. The thoracic box is anatom-
ically bordered by the level of the thoracic outlet superiorly, the 
midclavicular lines laterally, and the costal margin inferiorly. These 
wounds should be explored operatively. All precordial penetrat-
ing injuries occurring between the nipple lines laterally, the clavi-
cles superiorly, and the epigastrium inferiorly should be assumed 
to involve the heart until ruled out.

THORACIC AORTA

Traumatic aortic rupture is a devastating clinical problem that is 
difficult to manage owing to the need to approach aortic repair 
in concert with management of complex associated injuries to 
nonvascular organ systems (Fig. 61-1). The natural history of aor-
tic transection is relatively self-selective, with a significant major-
ity of patients exsanguinating at the scene. Of those who make 
it to the hospital alive, upwards of 38% die largely as a result of 
associated injuries.12 Fabian et al. estimate the incidence of trau-
matic aortic disruptions in the United States to be between 7500 
and 8000 patients annually; about 1000 to 1500 of these patients 
arrive at hospitals alive.13 It took 50 centers 2.5 years to generate 
274 patients for this prospective report. This averages just over two 
patients per year per center. Despite the low volume, contempo-
rary analysis reveals that of the 9% to 19% who reach the hospital 
alive,14 approximately 30% will die within the next 6 hours, and a 
total of 50% within 24 hours.15

Until recently, open operative intervention for these traumatic 
injuries required thoracotomy, anticoagulation, and application 
of an aortic cross-clamp. These operative maneuvers conceded 
the potential of exacerbating associated injuries and spinal cord 
injury.13,16,17 Proximal-to-distal aortic bypass using a Gott Shunt, left 
heart bypass with heparin-bonded circuits, and cardiopulmonary 
bypass (CPB) may all significantly reduce the likelihood of para-
plegia.18,19 Thus, the current status of traumatic aortic disruption 
and traditional repair is not ideal. Advances in endovascular repair 
techniques for traumatic rupture have resulted in a major change 
in the approach to treatment of this devastating clinical entity.20–22 
This change in approach is based on and supported by improved 
mortality associated with repair by endovascular vs. open tech-
niques in patients with multiple trauma23 (Fig. 61-2).

Open Surgical Approach

Open repair may be accomplished either with direct cross-
clamping alone or with circulatory assistance (left-sided heart 
bypass with heparin-coated conduits, cardiopulmonary bypass, 
or femoral-femoral bypass).19,24,25 Optimal exposure of the tho-
racic aorta is gained through a posterolateral thoracotomy 
with an incision in the fourth intercostal space. The aortic arch 
may be controlled either with clamping between the left com-
mon carotid and left subclavian, or just distal to the left subcla-
vian artery. The descending thoracic aorta is controlled distally 
 immediately after the traumatic injury to avert sacrifice of the 
intercostal arteries. The aorta can then be repaired with direct 
suturing or graft interposition.

FIGURE 61-1 Thoracic aortic injury and associated nonvascular 
injuries. Spiral thoracic computed tomography (CT) image demonstrating 
aortic transection 2 cm distal (circled) to subclavian artery origin, with 
surrounding traumatic thoracic pseudoaneurysm and an intraparenchymal tear 
of right lung (arrow).
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Endovascular Approach

Trauma centers equipped with radiographic fixed or mobile 
C-arms and angiographic equipment in the operating rooms would 
be ideal. This affords the opportunity for patients to be treated for 
their vascular injury(s) via open cutdown or percutaneously in 
a setting where surgical interventions for associated injuries may 
also be treated if indicated at that time.26 Though not specifically 
designed to treat thoracic aortic transections, the use of endolumi-
nal abdominal aortic extension cuffs has been shown to be techni-
cally feasible in several small series.26–28 This has been particularly 
evident in young individuals with normal-sized aortas. Broad prep-
ping and draping of the patient should be undertaken so that emer-
gent intervention for associated abdominal or thoracic injuries can 
be pursued while the patient is under anesthesia. Patients should be 
placed supine on the appropriate x-ray table, with slight rotation to 
a decubitus position. This orientation of the patient provides access 
to the femoral and iliac vessels and the abdominal aorta if needed.

The diameter of stent grafts should be oversized at least 20% 
based on sizing obtained from computed tomographic angiogra-
phy (CTA). Unlike treatment of patients with degenerative aneu-
rysms, the aortic diameter proximal to the injured aorta is most 
often in the 18- to 26-mm range. Generous oversizing can lead to 
collapse of a stent graft.29

At times, the turn radius in the arch of young patients may be 
too tight for the Lunderquist wire. The smallest thoracic endograft 
available commercially in the United States is the 26   mm– diameter  
Gore TAG device. We have used proximal and distal Zenith TX2 
thoracic endograft extensions, Gore TAG thoracic endografts, 
and Medtronic extensions from aortic endografts. Precise place-
ment of the stent graft can be facilitated by adjusting the mean 
arterial pressure to 70 mmHg during implantation. Depending on 
the patient's heart rate, the device being implanted, and associ-
ated injuries, IV administration of adenosine to induce transient 
bradycardia/asystole may be used immediately prior to deploy-
ment of the graft.

Completion angiography should be performed after the stent 
graft has been deployed to ensure that the false aneurysm has 
been properly excluded. After removing the introducer delivery sys-
tems, the arteriotomy in the femoral artery is repaired. Computed 
tomography (CT) scans are performed prior to discharge, at 3 and 
6 months, then yearly thereafter. Systemic anticoagulation should 
be used selectively to avoid thromboembolic complications asso-
ciated with transient occlusion of the femoral vessels and wire/
catheter manipulations in the aortic arch. This is often a major 
issue in patients with extensive associated injuries, particularly in 
those with associated head trauma.

THORACIC VENAE CAVAE

The superior vena cava is formed by the confluence of the left and 
right brachiocephalic veins in the superior mediastinum at the 
level of the right first costal cartilage. It descends down 5 to 7 cm 
to where it enters the posterior aspect of the right atrium at the 

level of the third costochondral cartilage. The inferior vena cava 
(IVC) enters the chest at the level of T8 and has a short posterior 
course to the right atrium. Because of the location and short seg-
ments of these structures, the intrathoracic venae cavae rarely suf-
fer traumatic injury. The low-pressure system and distendabilty of 
the vessels make blunt trauma a rare etiology of injury. Penetrating 
injury to the chest or iatrogenic injury are more common etiolo-
gies. Cardiac tamponade can be a frequent presentation follow-
ing injury to the thoracic venae cavae, owing to the pericardium's 
extension and envelopment of the proximal portions of the vessels 
prior to entering the heart.

Simple isolated injuries to the thoracic venae cavae can be 
managed with lateral venorrhaphy. Partial-occluding clamps or 
temporary inflow occlusion can be used in these circumstances 
to facilitate repair.30 Complex injuries to the venae cavae or asso-
ciated injuries to the heart may require CPB and/or interposition 
grafts for exposure and repair.

PULMONARY VESSELS

Trauma to the main right or left pulmonary arteries is extremely 
rare and almost exclusively found after penetrating traumatic injury. 
Some case reports have described blunt traumatic injury to the 
main pulmonary arteries, but it remains exceedingly rare.31 As with 
many of the great vessel injuries, cardiac tamponade or hemoperi-
cardium is the common presenting finding. Usually the diagnosis is 
made in the operating room during an empirical thoracotomy for 
hemopericardium. Distal pulmonary vascular injuries beyond the 
mediastinum can be seen following both blunt and penetrating 
trauma. Extensive vascular injury or significant injury to the hilar 
region may necessitate a pneumonectomy, which bears a signifi-
cantly high mortality rate in trauma situations.32

Carotid and Vertebral Vascular Trauma
Penetrating Carotid Artery Trauma
Stab and low-velocity missile wounds account for the vast major-
ity of civilian penetrating carotid artery injuries. Demographics of 
the injured generally include young, healthy males and associated 
alcohol and/or illegal drug use precipitating the injury. Studies 
have shown that carotid injuries occur in roughly 17% of all pene-
trating neck trauma.33 Common carotid artery (CCA) injury is more 
frequent than internal carotid injuries. Iatrogenic injury to the 
carotid artery is most commonly due to attempted central venous 
catheter insertion.

DIAGNOSTIC EVALUATION

With penetrating injuries to the neck, the depth, location, and pres-
ence or absence of hard/soft signs of vascular trauma dictate the 
progression and trajectory of care. If the platysma muscle has not 
been violated by the penetrating insult, no immediate operative 
exploration is warranted. The presence of soft vascular injury signs 

Pre-stent graft Post-stent graft

A B

FIGURE 61-2 Thoracic aortic 
dis rup tion. A, Thoracic aortogram 
illustrating a 4-cm pseudoaneurysm 
(circled) in descending thoracic aorta, 
2 cm from subclavian artery. B, Post-
deployment aortogram revealing no 
endoleak or extravasation.
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in this scenario may necessitate further diagnostic imaging to rule 
out occult injury. If the injury traverses the platysma and/or hard 
signs of vascular injury are present, operative intervention or diag-
nostic interrogation (e.g., CTA) should not be delayed.

Imaging

Catheter-based angiography remains the gold standard for evalua-
tion of vascular lesions, regardless of etiology. The benefit to angio-
graphy over other diagnostic imaging modalities is the capacity for 
therapeutic intervention during evaluation. With advances in non-
invasive imaging, modalities such as helical CT with multidetector-
row scanners and color Doppler ultrasonography have created fast, 
easily accessible means of diagnosing vascular injury.

ANATOMICAL CONSIDERATIONS

The neck is divided anatomically into three zones of injury 
(Box 61-2). Zone I comprises the area from the thoracic outlet (the 
level of jugular notch) to the cricoid cartilage, zone II begins at 
level of the cricoid cartilage and terminates at the angle of the 
mandible, and zone III extends from the angle of the mandible to 
the skull base. The zone divisions were based on the anatomical 
relationships of the neurovascular and aerodigestive tract struc-
tures, as well as the surgical approach for exposure.

Zone II Injuries

In stable patients, the management of zone II injuries of the neck 
is the source of some debate among trauma centers. Historically, 
all zone II injuries were operatively explored because of improved 
mortality rates with immediate operative intervention, as opposed 
to delayed or expectant intervention.34 The relative ease of  operative 
exposure in zone II and low morbidity rate with operation, coupled 
with the many vital structures passing through this region, made it 
the mainstay of treatment for many years, despite the high negative 
exploration rate. With advancements in diagnostic imaging, selec-
tive exploration has become more popular in stable patients. Thus, 
the decision whether operative exploration is necessary can be 
predicated on further diagnostic evaluation and imaging to con-
firm or rule out vascular injury. Usually this evaluation includes 
serial physical examinations, esophagoscopy, bronchoscopy, and 
imaging studies (i.e., catheter-based angiography, CTA, magnetic res-
onance angiography [MRA], or duplex ultrasound scanning) when 

vascular injury is suspected.33,35–37 Centers that have used angiogra-
phy to evaluate penetrating neck injuries in hemodynamically sta-
ble patients have found that only 13% to 17% of these patients have 
major vascular (carotid and vertebral) injuries requiring repair.33,37 
Because of this, some have begun to advocate angiography only in 
cases of suspected vascular injury and report very few missed inju-
ries with this approach. More recent studies have also advocated CT 
scanning as an adjunct to the physical examination in zone II neck 
injuries, but angiography remains the gold standard.

Zone I and III Injuries

In zone I and III injuries, hemodynamic and neurologically stable 
patients usually undergo catheter-based angiography or a CTA to 
diagnose/define the presence and location of injury in these ana-
tomically complex areas. Zone III vascular injuries are frequently 
amenable to coil embolization or stent grafting. Both zone I and III 
injuries, similar to zone II, usually require evaluation of the naso-
pharynx and upper aerodigestive tract via laryngoscopy, bron-
choscopy, and rigid esophagoscopy to diagnose occult injuries. 
Concomitant injuries to nonvascular structures can carry signifi-
cant morbidity if not identified early.

OPERATIVE APPROACH/OPEN SURGICAL MANAGEMENT

Surgical exposure of the neck differs markedly depending on the 
zone of injury. Exposure of a zone II injury is straightforward and 
typically accomplished through a standard oblique incision along 
the anterior border of the sternocleidomastoid. This affords appro-
priate exposure and easy accessibility to the carotid sheath and its 
neurovascular contents.

The surgical approaches for zone I and III injuries can be sig-
nificantly more complicated and challenging. To obtain adequate 
proximal vascular control and exposure, vascular injuries within 
zone I frequently require a median sternotomy or supraclavicular 
“trap-door” incision in addition to the standard cervical oblique 
incision. Zone III injuries may necessitate cephalad extension of 
the exposure to attain distal vascular control. Maneuvers such as 
dislocation or partial resection of the mandible are not infrequent, 
especially in high zone III injuries. Temporary control of bleeding 
at or near the skull base can be accomplished through insertion 
and inflation of a Fogarty catheter into the injured vessel.38

ENDOVASCULAR MANAGEMENT

Though endovascular management is less prevalent in blunt 
carotid injury, it has provided some promising results in the manage-
ment of penetrating carotid trauma, especially in zone I and high 
zone III (internal carotid artery [ICA]) injuries.39,40 Traditionally, 
ICA injuries (pseudoaneurysm and dissections), albeit rare, war-
rant anatomical reconstruction to prevent devastating ischemic 
neurological insults. Operating high in the neck is technically 
demanding and can be associated with cranial nerve injury; thus, 
endovascular stenting and coiling has the potential to limit iatro-
genic damage associated with open exploration. Recent reviews 
have demonstrated that stent graft placement for traumatic ICA 
pseudoaneurysms have been successful in neurologically symp-
tomatic patients following trauma.41,42 Consideration must be given 
to thromboembolic events associated with stent graft placement, 
the potential for intimal hyperplasia formation, and restenosis. The 
anatomical tortuosity of the vessel may prevent safe crossing of the 
traumatic lesion with a guidewire. A recent retrospective review of 
113 patients with blunt or penetrating carotid injury demonstrated 
a promising short-term patency (up to 2 years) of carotid stent 
grafts (80%).43

Blunt Carotid/Vertebral Artery Injury
Blunt carotid and vertebral artery injury (BCVI) is diagnosed 
roughly once in every 1000 patients.44 Though BCVI is considered 
a rare occurrence, without prompt and appropriate care, cerebral 
ischemia rates range from 40% to 80%, and mortality rates from 25% 

Zone I
Aortic arch
Subclavian vessels
Proximal carotid arteries
Jugular veins
Trachea
Esophagus
Vagus nerve
Vertebral arteries
Thoracic duct
Thyroid gland

Zone II
Common carotid arteries (CCAs)
Internal jugular veins
Vertebral arteries
External jugular vein
larynx/vocal cords
Esophagus
Vagus nerve

Zone III
Internal and external carotid arteries
Salivary and parotid glands
Cranial nerves IX-XII

Box 61-2  Anatomical Structures in Each Zone  
of the Neck
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to 60%.44,45 BCVI lesions vary in mechanism and location; skull base 
fractures, for example, can contuse the intrapetrous/cavernous por-
tion of the internal carotid artery. Blunt trauma to the carotid artery 
can be induced via a stretching, twisting, or shearing effect to the 
neck. BCVI after strangulation and choking has been described as 
well.45 Several authors have proposed signs, symptoms, or injury 
patterns that should raise the suspicion for BCVI.44,46,47 Skull base, 
midface, mandible, and cervical spine fractures are associated 
with BCVI and should raise a healthy concern. Significant blunt 
trauma to the chest and neck in a patient with a Glasgow Coma 
Scale score of 8 or less represents another clinical scenario that 
warrants further investigation. Note that these injuries can also be 
insidious in their presentation, so in a patient with a Glasgow Coma 
Scale score above 8 but a history of a high-risk mechanism (motor 
vehicle accident/deceleration injury) and/or trauma to the face 
and neck, suspicion for BCVI should remain.

DIAGNOSTIC EVALUATION

In most emergency situations, multidetector CTA remains the ini-
tial tool for evaluation of carotid injuries because it can often 
be performed expeditiously near or in the emergency room. 
Adequacy of the older single-slice helical CTA in diagnosing 
BCVI was limited by sensitivities and specificities of 68% and 67%, 
respectively.48 However, several studies have shown the effective-
ness of  16-channel multislice CTA in diagnosis of BCVI,44,49 with 
sensitivities and specificities each greater than 94%. The  somewhat 
subtle nature of blunt carotid injury makes digital subtraction 
angiography (DSA) the gold standard for the diagnosis of blunt 
carotid injury. Imaging by CTA may be compromised in situations 
where metallic artifact is present (shrapnel, plates, prosthesis, etc.). 
Although DSA is an invasive method, it not only depicts the extent 
and severity of vessel injury, it can also provide information about 
the integrity of cerebral circulation. Magnetic resonance angi-
ography is another safe, noninvasive technique that can provide 
data concerning vessel morphology and blood flow. Its accuracy 
in diagnosing BCVI may rival that of CTA, but time required for 
the examination, difficulty monitoring the patient during the study, 
and high cost limit its use.45 Duplex ultrasonography is used more 
in penetrating carotid trauma but is not sensitive enough to be the 
screening modality of choice in BCVI.44

CLASSIFICATION OF BLUNT CAROTID INJURY:  
THE DENVER SCALE

The Denver Scale (Table 61-2) has been widely accepted and used 
to classify blunt carotid injury.50 It was employed to standardize 
and direct care for the different grades of vessel injury based on 
multiplanar CTA or DSA findings. Grade I to IV injuries typically 
warrant anticoagulation as the mainstay of treatment, with consid-
eration of surgical intervention if contraindication of anticoagu-
lation or further neurological deterioration exists. Grade V injury, 
which represents complete transection with extravasation, is most 
appropriately treated through surgical intervention, whether it be 
an endovascular or open approach.

CLINICAL MANAGEMENT

Despite increased awareness of blunt carotid injury, there is no 
agreement on the best therapeutic approach. Accumulated data 
suggest that conservative therapy using antithrombotic therapy 
with heparin prevents cerebral infarction. Similarly, antiplatelet 
therapy and anticoagulation with warfarin (international normal-
ized ratio [INR] 2-3) were equally effective in reducing risk of stroke 
following BCVI.45,51 In a recent analysis of the national trauma data-
base, a comparison of functional independence following BCVI in 
patients treated conservatively (anticoagulation and/or antiplate-
let agents) vs. operatively (open and endovascular treatment) was 
performed.52 There was no difference in functional outcome in 
these patients, regardless of conservative or operative intervention. 
The only demographic difference among the groups was greater 
injury severity score in patients undergoing endovascular repair. In 
most studies, BCVI in surgically accessible areas are treated opera-
tively; however, the vast majority of BCVI lesions occur in surgically 
challenging areas high within the carotid canal or foramen trans-
versarium. Such locations make standard operative approaches for 
thrombectomy or reconstruction difficult.53

Venous Injury in the Neck
Major cervicothoracic venous injury can pose added complexity 
to a trauma situation, especially when concomitant arterial injury 
is present. Venous bleeding can be temporized with direct pressure, 
and in scenarios of troublesome hemorrhage, the brachiocephalic, 
internal jugular, or subclavian veins can be ligated with relative 
impunity. If primary repair can be accomplished without compro-
mising more than 50% of the injured vessel, a lateral venorrhaphy 
is appropriate. Repair/reconstruction should always be done in the 
presence of obvious venous hypertension or for one of the bra-
chiocephalic or internal jugular veins if bilateral injury is present.

Abdominal Vascular Injuries
Abdominal vascular injury represents 5% to 25% of all abdominal 
traumatic injuries54 and carries a mortality rate of 31% to 87%.55 
With penetrating trauma overwhelmingly the most common etiol-
ogy of traumatic vascular injury (>90% of cases), any penetrating 
injury to the torso from the upper thigh to the level of the nipples 
should generate high suspicion for vascular injury.56 Most patients 
with major abdominal vascular injury present with a contained or 
partially contained retroperitoneal hematoma. Patients who suffer 
major free intraperitoneal hemorrhage frequently die at the scene 
of injury. Patients with free retroperitoneal or intraabdominal hem-
orrhage who make it to the hospital usually present with profound 
hypotension in class IV hemorrhagic shock.56 The incidence of 
arterial and venous injury is similar and depends on the location, 
force, and mechanism of the insult. The association of abdominal 
vascular trauma with assault and aggressive behavior accounts for 
a shocking 90% to 95% of cases.55

When vascular injury is present in the abdomen, the aorta and 
IVC are most commonly injured—25% and 33%, respectively.57 The 
overall mortality rate from penetrating abdominal vascular inju-
ries is 45%, but associated injuries to the abdominal aorta, hepatic 
veins, retrohepatic vena cava, and/or the portal vein can elevate it 
to as high as 90%.35,54 Despite our advances in technology and sur-
gical/medical techniques, no significant changes have occurred 
with regard to mortality associated with abdominal vascular 
trauma over the last 20 to 30 years. This reflects the lethal potential 
of these injuries and the fact that patients presenting in shock with 
vascular injury continue to have a high mortality rate.58

Clinical Presentation and Evaluation
Of those patients with abdominal vascular injury who make it to the 
hospital, about 14% will lose vital signs en route; thus,  minimizing 
the time from injury to delivery at a medical care facility can result 

TYPE/
GRADE

RADIOLOGICAL/ANGIOGRAPHIC FINDINGS  
AND CRITERIA

I Vessel wall irregularity or dissection/intramural hematoma with  
<25% luminal stenosis

II Presence of intraluminal thrombus, raised intimal flap, or  
dissection/intramural hematoma with ≥25% luminal stenosis

III Presence of pseudoaneurysm

IV Vessel occlusion

V Complete transection with extravasation

TABLE 61-2 Denver Scale for Blunt Carotid Injury

From Biffl WL, Moore EE, Offner PJ, et al: Blunt carotid arterial injuries: Implications of a new 
grading scale. J Trauma 47:845–853, 1999.
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in a significant improvement in outcomes.59 In addition to prehos-
pital time, the clinical presentation will depend on the mechanism 
of injury, vessel injured, severity of the injury, and presence of other 
associated injuries. Blunt trauma causes vascular injury through 
rapid deceleration, anterior/posterior crushing, or laceration from 
sharp bony fractures. These patients often initially present with sta-
ble vital signs, but may rapidly decompensate because of the insid-
ious evolution of blunt abdominal trauma. In contrast, penetrating 
vascular trauma to the abdomen presents in a less subtle manner.

Regardless of the mechanism, operative exploration is para-
mount and must be done expeditiously, foregoing any diagnostic 
imaging in a hemodynamically unstable patient with suspected 
abdominal vascular injury. Cautious resuscitation is prudent in 
hemodynamically unstable patients. Excessive fluid resuscita-
tion of an actively hemorrhaging patient can potentiate ongoing 
blood loss and coagulopathy.60–62 To maintain end-organ perfusion 
until definitive control of hemorrhaging is obtained, cessation of 
bleeding and permissive hypotension should be the initial goals 
of resuscitation.

RETROPERITONEAL HEMATOMAS

Retroperitoneal hematomas occur in more than 90% of abdominal 
vascular injuries.59 The retroperitoneum is divided into three main 
zones of injury: zone I is the central/midline retroperitoneum, zone II 
encompasses the perinephric space, and zone III comprises the pel-
vic retroperitoneum. Treatment of retroperitoneal hematomas varies 
depending on the anatomical location and mechanism of injury.

Zone I injuries mandate exploration for both penetrating and 
blunt injury because of the major vascular structures residing in 
this region and the unforgiving consequences if injury diagnosis 
is delayed. The transverse mesocolon subdivides this zone into the 
central supra- and infra-mesocolic spaces. Hematomas in the cen-
tral supramesocolic space develop behind the lesser omentum and 
push the stomach forward. These hematomas result from injury 
to the suprarenal aorta, celiac axis, proximal superior mesenteric 
artery (SMA), or proximal renal arteries. Thus, for surgical explora-
tion, proximal control of the aorta should be obtained at the level 
of the diaphragm, and exposure carried out with a left-sided medial 
visceral rotation (Mattox maneuver). Central infra-mesocolic hema-
tomas present behind the root of the small-bowel mesentery are a 
consequence of either infrarenal aorta or IVC injury. Exposure is 
obtained through a retroperitoneal opening on the midline, and 
control of the aorta is gained above the celiac axis.

Zone II retroperitoneal hematomas are commonly due to injury 
to the renal vasculature or parenchyma. All zone II hematomas 
secondary to penetrating trauma necessitate operative exploration 
because of the risk for vascular laceration. Stable zone II hema-
tomas following blunt trauma are best managed conservatively 
because exploration entails opening the Gerota fascia, which 
under these conditions bears a high likelihood of causing further 
injury to an already damaged kidney.

Pelvic retroperitoneal hematomas, or zone III hematomas, are 
typically managed nonoperatively. Iliac vessel injury or suspicion 
of it represents the only true indication for surgical exploration. 
This is more common following penetrating injury to the pelvis, as 
opposed to those of blunt mechanisms. Hematomas arising from 
blunt means typically result from pelvic fractures, where external 
fixation and angiographic coil embolization represent the best 
treatment modalities.

Diagnostic Imaging
In many instances of penetrating abdominal vascular injury with 
clinical instability, imaging studies are irrelevant because the diag-
nosis will be made in the operating room. However, for a patient 
who is hemodynamically stable and not in need of urgent surgi-
cal intervention, it is appropriate to use imaging modalities for fur-
ther evaluation. Plain radiographs provide information regarding 
the location of ballistic or shrapnel fragments in the abdomen. This 

information, in conjunction with the location of the penetrating 
wounds, can give some idea of the trajectory/path of the missile, 
and thus the imperiled vascular structures.

Ultrasonography is an easy and readily accessible means of 
acutely assessing for hemoperitoneum following trauma to the 
abdomen.63 The FAST exam, which is an acronym for Focused 
Assessment with Sonography in Trauma, is performed immediately 
after the primary survey per the Advanced Trauma Life Support 
(ATLS) protocol. The confirmation of fluid in the abdomen dur-
ing the FAST exam, coupled with hemodynamic instability, affirms 
the plan of immediate laparotomy. Ultrasonography is limited in 
its ability to delineate the presence of retroperitoneal hematomas 
and the morphology of visceral vasculature injury. Therefore, it is 
not the modality of choice to assess the extent of vascular injury in 
the abdomen. However, its use is significantly valuable in assessing 
morphology of vascular injury elsewhere in the body.

Multidetector CT scanners remain the mainstay for fast, reli-
able imaging in the setting of trauma, where sound clinical deci-
sions have to be made in a timely fashion. Contrast CT of the 
abdomen reveals the integrity of solid organs, confirms presence 
or absence of free air/fluid, delineates vasculature morphology, 
and can illustrate traumatic pathology in the retroperitoneum. 
This means of imaging provides the largest amount of accurate 
information noninvasively in the shortest amount of time. In 
 abdominal  vascular trauma, angiography plays a more  substantial 
role in therapeutic means, such as coil embolization of hemor-
rhage with pelvic fractures. In hemodynamically stable patients 
who are found to have vascular injury on contrast CT imaging, 
subsequent angiography coupled with endovascular techniques 
may provide therapeutic options.

Operative Management and Damage Control
There should be no delay in getting a patient who meets the cri-
teria for surgery to the operating room. The room should pre-
warmed and appropriate IV fluid, blood products, and infusion 
 mechanisms should be ready for ongoing resuscitation efforts dur-
ing surgery. The patient should be placed in the supine position 
with their entire torso from neck to knees prepped. The abdomen 
should be opened on the midline. If concern for concomitant vas-
cular injuries in the thorax and abdomen exist, a pad or roll can 
be placed under the left torso and back to make abdominal and 
thoracic approaches equally accessible.

Varying degrees of intraperitoneal hemorrhage and/or retroperi-
toneal hematomas will be found, depending on the mechanism 
of trauma. Blunt injury is more likely to produce retroperitoneal 
hematomas, and a distinction must be made as to whether the 
hematoma is stable or expanding and/or pulsatile. Penetrating 
injury is more likely to produce intraabdominal hemorrhage or a 
combination of the two. The operative approach and management 
are dependent on the location of the injured vessel, location and 
characteristics of the retroperitoneal hematoma, and overall condi-
tion of the patient.

Aortic cross-clamping can be a means of obtaining comprehen-
sive proximal control in the face of massive hemorrhage and as 
an adjunct to resuscitation. Control should be gained at the supra-
celiac aorta at the level of the diaphragm. This location is easily 
accessible and less likely to be a site of iatrogenic injury to neigh-
boring structures. If the injury is proximal in the abdominal aorta, 
control of the aorta may have to be obtained through the chest 
via a left lateral thoracotomy. Cross-clamping the aorta will help 
control hemorrhage and elevate blood pressure, but causes isch-
emia to the abdominal viscera and lower extremities. Thus, aor-
tic cross-clamping should only be employed in the most extreme 
circumstances.

Different maneuvers can be undertaken to gain the needed 
exposure for particular regions and structures in the abdomen. 
To expose the entire length of the abdominal aorta and most of 
its branches, a left-sided medial visceral rotation was described 
by Mattox et al. in 1974.64 The only artery not accessible via this 
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approach is the right renal artery. The Mattox maneuver is imple-
mented by taking down the lateral peritoneal attachments of the 
sigmoid and left colon. The left colon, left kidney, and spleen are 
then swept/mobilized medially toward the midline, exposing the 
retroperitoneum and aorta. A right-sided medial visceral rotation 
can also be done, providing exposure to the infrarenal vena cava 
and iliac vessels. This is called an extended Kocher maneuver. The 
right colon along with the third and fourth portion of duodenum 
may be released from their lateral attachments, then reflected 
medially and superiorly using the Cattell-Braasch maneuver.65 This 
maneuver provides additional exposure to the suprarenal IVC 
and makes the portal venous system accessible. This exposure 
is extensive and provides access to most of the structures in the 
retroperitoneum.

Appropriate operative management for the different zones of the 
retroperitoneum and for specific vascular injuries are covered else-
where in the chapter. However, once the extent of injury has been 
identified, the American Association for the Surgery of Trauma 
Organ Injury Scale (AAST-OIS) for abdominal vascular injury 
should be used to determine the severity of injury and overall 
prognosis (Table 61-3). This grading scale has demonstrated excel-
lent correlation between mortality and extent of vascular damage 
following trauma.66 Understanding the extent of injury and risk of 
mortality should be factored into the treatment plan that ensues.

Many patients with abdominal vascular injury who warrant 
immediate surgery will also face the “trauma triad of death”: aci-
dosis, hypothermia, and coagulopathy. Under these conditions, 
a definitive repair or reconstruction of the injured vessel(s) may 
place an insurmountable burden on the patient. In these circum-
stances, a damage-control philosophy is the most appropriate 
therapeutic management.67 In a damage-control scenario, major 
venous injuries are ligated, retroperitoneal bleeding/oozing is 
packed off tightly, and arterial injuries are temporarily shunted.  
The abdomen is temporarily closed with a prosthetic material, 

and the patient is transferred to the intensive care unit (ICU) for 
 resuscitation. Definitive vascular repair and abdominal closure are 
deferred until the patient has been adequately resuscitated and 
his/her condition has stabilized.

Specific Abdominal Vascular Injuries
ABDOMINAL AORTA

The aorta is the largest artery in the body, and its abdominal por-
tion spans from where it traverses the diaphragm at the level of 
T12 to where it bifurcates into the iliac arteries at the L4/L5 level. 
It is the most commonly injured artery in the abdomen following 
trauma; many times, aortic injury presents as a lethal condition. 
Blunt injury to the abdominal aorta is most often associated with 
motor vehicle accidents, followed by falls and direct blows to the 
abdomen. The mortality associated with blunt aortic injury is esti-
mated to be around 30%.56,68 Penetrating trauma remains the most 
common method of injury to the abdominal aorta and carries a 
significantly higher mortality than blunt injury. Mortality following 
penetrating injury (e.g., fire arm blasts, knife stab wounds, etc.), has 
been estimated to be between 67% and 85%.69

Many patients with significant aortic injury never make it to the 
hospital. The fortunate few who make it to a medical care facil-
ity present with injuries such as intimal disruptions, thrombosis, 
and/or contained retroperitoneal hematomas.54,55,59,63,70 The clini-
cal presentation will depend on the mechanism of trauma, type of 
aortic injury, prehospital time, and associated traumatic  vascular 
and nonvascular injuries. Penetrating injuries typically present in a 
dramatic fashion with profound hypotension, shock, and hemody-
namic collapse. Under certain conditions, an emergency resuscita-
tive thoracotomy can temporize cardiovascular collapse in order to 
get the patient to the operating room for definitive surgical intention.

Ultrasonography during the FAST exam can immediately inform 
the trauma team of the presence of free intraperitoneal fluid and, 
in the setting of hemodynamic instability, the affirmative need 
for operative intervention. Blunt injuries tend to have a less dra-
matic presentation with normotensive patients but can still have 
significant injury leading to visceral, renal, or lower-extremity isch-
emia. Multidetector CT scans provide a fast, accurate method of 
evaluating aortic injuries in hemodynamically stable patients. The 
diagnosis in unstable patients should be made during laparotomy. 
Depending on the findings from clinical examination and imag-
ing studies, endovascular techniques can be implemented to treat 
both penetrating and blunt acute traumatic injuries.3,71–74

The significantly high incidence of associated injuries follow-
ing penetrating abdominal trauma (>90%)75 make open surgical 
intervention the gold standard for repair, in part because  assessing 
and treating bowel and solid-organ injuries are critical. When the 
abdomen is explored, all four quadrants should be packed off, then 
examination of the quadrants should be done meticulously to iden-
tify all injuries, vascular and nonvascular alike. For supramesocolic 
zone I injuries, proximal control is obtained by clamping or com-
pressing the aorta as it traverses the diaphragm. If the injury to the 
aorta resides high on the abdominal aorta, proximal control can 
be gained above the diaphragm through a left thoracotomy. The 
injured portion of the aorta or associated injured vessels can be 
exposed by means of a left-sided medial visceral rotation (Mattox 
maneuver). Infra-mesocolic zone I hematomas result from injury 
to either the infrarenal aorta or IVC. In this scenario, proximal con-
trol is gained at the supraceliac aorta, and exposure is provided by 
opening the posterior peritoneum in the midline.

Endovascular management is becoming far more frequently 
used with aortic trauma, and is more common following blunt 
injury than penetrating injury.3,73,74 Much of the impetus for its use 
in trauma has been drawn from the success of stent grafting in the 
treatment of nontraumatic aortic disease (e.g., aneurysms, ruptures, 
dissections, fistula formations, thrombosis). The extension of endo-
vascular techniques into the setting of trauma is logical and has 
provided more treatment options for patients presenting with con-
tained retroperitoneal hematomas.73 If a patient has a perforated 

GRADE EXTENT OF VASCULAR INJURY

I Injury to an unnamed branch of the superior mesenteric artery or vein
Injury to an unnamed branch of the inferior mesenteric artery or vein
Phrenic artery or vein injury
Lumbar artery or vein injury
Gonadal artery or vein injury
Ovarian artery or vein injury
Unnamed small artery or vein requiring ligation

II Right hepatic, left hepatic or common hepatic artery injury
Splenic artery or vein injury
Right or left gastric artery injury
Gastroduodenal artery injury
Inferior mesenteric artery, trunk, or vein injury
Primary named braches of mesenteric artery or vein injury
Other named vessels requiring ligation of repair

III Superior mesenteric vein, trunk injury
Renal artery or vein injury
Iliac artery or vein injury
Hypogastric artery or vein injury
Vena caval, infrarenal injury

IV Superior mesenteric artery, trunk injury
Celiac axis proper injury
Vena caval, suprarenal, and infrahepatic injury
Aortic, infrarenal injury

V Portal vein injury
Extraparenchymal hepatic vein injury
Vena caval, retrohepatic, or suprahepatic injury
Aortic, suprarenal, and subdiaphragmatic injury

TABLE 61-3  American Association for the Surgery of 
Trauma Organ Injury Scale for Vascular Injury*

*Classification system applicable for extraparenchymal vascular injury. Increase one grade for 
multiple grade III or grade IV injuries involving >50% of the vessel circumference. Downgrade 
one grade if the laceration is <25% of the vessel circumference for grade IV or V injuries.
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viscous, small-bowel anastomosis, partial colectomy, or ostomy, 
endoluminal treatment of associated arterial injuries avoids open-
ing the retroperitoneum and placing a prosthetic conduit in a con-
taminated field.

CELIAC AXIS INJURY

Celiac artery injuries are rare and almost always a result of pen-
etrating trauma. In a review of 302 patients with abdominal vas-
cular injuries, the celiac artery was injured in only 3.3% of cases.59 
The celiac axis gives rise to the left gastric, splenic, and common 
hepatic arteries. Injuries amenable to primary repair should be car-
ried out, but ligation of the artery can be done without ischemic 
sequelae because of the robust collateral circulation of the proxi-
mal gastrointestinal tract. That being said, endovascular coiling 
and embolization is a frequently used technique for controlling 
hemorrhage from the hepatic and splenic vasculature follow-
ing blunt trauma.76 The mortality rate for celiac axis injuries has 
been reported to range between 38% and 75%.56 However, many of 
these patients have associated vascular injuries that contribute to 
the high mortality rate; isolated celiac injury likely carries a much 
lower mortality rate.

SUPERIOR MESENTERIC ARTERY AND VEIN INJURY

Superior mesenteric artery injury presents as either free intra-
peritoneal hemorrhage, a central (zone I) supramesocolic ret-
roperitoneal hematoma, ischemic proximal small bowel, or any 
combination of the three. Superior mesenteric artery injuries 
account for roughly 10% of all abdominal vascular injuries59 and 
are diagnosed in less than 0.1% of total trauma admissions.77 It is 
the second most commonly injured abdominal vascular structure 
following blunt trauma, but penetrating trauma accounts for the 
significant majority of SMA injuries.77 The mortality rate associated 
with SMA injury is estimated to be as high as 47% to 67%.54,56,59,77

The SMA is divided into four anatomical zones of injury, which 
were first described by Fullen et al.,78 who also correlated grade of 
ischemia with injury location (Table 61-4). The affected zone, isch-
emic grade, and AAST-OIS for abdominal vascular trauma correlate 
well with mortality.77,79 The surgical approach is driven by the loca-
tion of the injury. Injuries to the first two zones should undergo pri-
mary repair whenever possible. Ligation of the artery at these levels 
would result in significant small-bowel ischemia and a poor progno-
sis without revascularization. Revascularization with autogenous or 
prosthetic conduits is another option and sometimes necessitates 
extra-anatomical routes. Zone III and IV injuries should be primar-
ily repaired as well. Should ligation at these levels or of the segmen-
tal branches prove necessary for hemostasis, only local ischemia to 
the small bowel will follow, which segmental bowel resection can 
 remedy. A second-look laparotomy is mandatory to asses the viabil-
ity and integrity of the small bowel following any surgical manipula-
tion of the SMA. Endovascular techniques have been implemented 
in limited cases but have demonstrated promise.80

Superior mesenteric vein (SMV) injuries are infrequent but incur 
high mortality rates due to the difficulty in obtaining prompt expo-
sure and hemorrhage control, combined with the high incidence of 
concomitant portal vein injury.81 Lateral venorrhaphy is the  preferred 

surgical means of repair for an isolated SMV injury. Graft conduits 
can restore flow, but thrombosis can be a devastating complication. 
Ligation of the vein is a plausible surgical option, especially in hemo-
dynamically unstable patients,81 but carries a risk of venous mesen-
teric ischemia secondary to splanchnic sequestration. Aggressive 
resuscitation is vital following venous ligation, and a second-look 
laparotomy is again standard, as with SMA injuries.

INFERIOR MESENTERIC ARTERY AND VEIN INJURY

Injury to the inferior mesenteric artery (IMA) is typically managed by 
 ligation.56 In rare cases, collateral circulation to the descending and 
sigmoid colons and the upper rectum may be inadequate and result 
in ischemia to these regions of bowel. Again, this is a very rare occur-
rence because of the rich collateral flow via the marginal artery and 
its arcade. Ligation of the inferior mesenteric vein is tolerated much 
better than that of the SMV and can be done with impunity.

RENOVASCULAR INJURIES

Renovascular injury is relatively uncommon following trauma. 
The kidney itself is injured in only 1.2% of all trauma cases, and 
vascular injury only accounts for 2.5% to 4% of those cases.82 It 
does, however, represent roughly 16% of all abdominal vascular 
trauma.59 Renovascular injury is more common following blunt 
as opposed to penetrating trauma, with blunt trauma making up 
almost 80% of cases.

The clinical presentation is most often subtle with regard to the 
vascular injury itself, but associated injuries can cause a more con-
cerning clinical picture, frequently taking precedence over the 
renovascular injuries. Unlike many other vascular injuries, exsan-
guination from the renal vasculature is uncommon and is usually 
contained in the retroperitoneum. Flank pain, proteinuria, and 
hematuria (gross and microscopic) are findings that indicate the 
presence of renal vascular injury, but are neither always present 
nor specific for vascular injury itself. Computed tomography is 
the best first-line imaging modality for renovascular injuries.83 It 
can illustrate the extent of parenchymal damage and perfusion, 
along with the morphology of the retroperitoneal hematoma. 
Angiography coupled with endovascular techniques is frequently 
needed to confirm and sometimes treat the vascular injuries.

Renal function is diminished significantly following just 3 to 6 
hours of ischemic insult. If revascularization is to be done, it should 
be accomplished within this window, despite a success rate of 28% 
for renal function preservation.84 Revascularization can be done 
via primary repair, vein patch angioplasty, interposition grafting, or 
segmental resection with reanastomosis. This is usually performed 
if the injury is found during operative exploration or when there is 
bilateral vascular injury in an attempt to preserve some renal func-
tion. A nephrectomy is an accepted surgical treatment/option for 
devastating unilateral renovascular injuries. Studies support that 
nephrectomy in the setting of major unilateral vascular injury has 
comparable mortality, posttreatment renal function, transfusion 
requirements, and level of service as that of repair.82,85 Renal vein 
injury can be repaired similarly to the artery. If devastating injury 
occurs to the left renal vein, ligation is acceptable. Ligation of the left 
renal vein near its confluence with the IVC can be tolerated because 

ZONE SEGMENT OF ARTERY GRADE ISCHEMIC CATEGORY ISCHEMIC BOWEL SEGMENTS

I Trunk proximal to first major branch (inferior  
pancreaticoduodenal artery)

1 Maximal Jejunum, ileum, right colon

II Trunk between inferior pancreaticoduodenal  
artery and middle colic artery

2 Moderate Major segment, right colon, small bowel, or both

II Trunk distal to middle colic artery 3 Minimal Minor segment(s), small bowel or right colon

IV Segmental braches; jejunal, ileal, or colic arteries 4 None No ischemic bowel

TABLE 61-4 Fullen's Anatomical Classification of Superior Mesenteric Artery Injury by Zone and Grade

Adapted from Fullen WD, Hunt J, Altemeier WA: The clinical spectrum of penetrating injury to the superior mesenteric arterial circulation. J Trauma 12:656–664, 1972.
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of  accessory venous drainage through the left gonadal, left adrenal, 
and lumbar veins. Attempts to repair the right renal vein should be 
made, since the absence of adequate venous collateral flow on the 
right side will lead to a right nephrectomy. Endovascular approaches  
to manage renovascular trauma have been useful in selected 
instances of pseudoaneurysm formation, intimal tears, or AVFs.85–87

Mortality is hard to estimate because of the significant occur-
rence of major associated injuries that drive the data. Rates of post-
traumatic renal failure and hypertension are low and in two studies 
were estimated to be 6.4% and 4.5%, respectively.85,88

ILIAC VESSEL INJURY

Exsanguination from iliac vessel injuries is common and associated 
with high mortality resulting from refractory hemorrhage and asso-
ciated injuries.89–91 Mortality rates range from 25% to 40%, but the 
incidence of iliac vessel injury represents 10% of all abdominal vas-
cular injuries and less than 2% of all vascular trauma.91 Gaining sur-
gical control of the bleeding can be challenging, and many of these 
patients present acidotic, coagulopathic, and hypothermic from 
extensive blood loss.90,91 The close proximity and shared course of the 
iliac veins make combined arteriovenous injuries a frequent occur-
rence. The small bowel, colon, urinary bladder, and ureters intimately 
cohabitate the microenvironment of the iliac vessels, and concomi-
tant injury to these structures are the rule rather than the exception. 
Extent of injury to the surrounding structures and degree of enteric 
contamination are principal factors that can increase the complexity 
of management with regard to repair and/or revascularization.

Injury to the iliac artery or suspicion of it is a clear indication 
for surgery in zone III retroperitoneal injuries. Proximal control is 
gained at the infra-mesocolic aorta, with distal control gained at the 
external iliac at the level of the inguinal ligament. The ascending 
colon is reflected medially via a Kocher or Cattell-Braasch maneu-
ver, exposing the pelvic retroperitoneum. Primary arteriorrhaphy is 
the preferred method of repair for a simple injury. Reconstruction 
can also be accomplished with end-to-end anastomosis of auto-
genous saphenous vein or polytetrafluoroethylene (PTFE) grafts.90 
It is important to be cognizant of the fact that prosthetic grafts 
may be problematic in an environment contaminated by asso-
ciated small-bowel or colon injury. Iliac injuries are amenable to 
bailout or damage-control procedures in the circumstance of a 
patient critically ill due to other traumatic injuries, where an exten-
sive operation is too high risk. Temporary shunt insertion, arterial 
ligation with delayed extra-anatomical reconstruction, or balloon 

 tamponade of venous injury may be employed in this situation. 
Iliac vein injury can be even more complex with regard to gain-
ing access and control of the vessel. Occasionally, the iliac artery 
must be divided to allow adequate access to the venous struc-
tures, and then reconstructed following venous repair. Concerns of 
edema and compartment syndrome following prolonged ischemic 
time or vein ligation merit a low threshold for lower-extremity fas-
ciotomies. Endovascular techniques have shown utility in selected 
cases of isolated iliac artery injury. Patients with AVFs, pseudoa-
neurysms, or major intimal tears may benefit from endovascular 
stenting and/or coiling rather than open exploration92,93 (Fig. 61-3).

INFERIOR VENA CAVA

The IVC is the most commonly injured vessel in the abdomen, 
accounting for one fourth of abdominal vascular injuries.59 About 
90% of injuries to the IVC are a result of penetrating trauma, and 
approximately 18% have associated aortic injury.94,95 More than 
half of patients with IVC injuries will die before reaching the hos-
pital. Of those who make it to a medical care facility, more than 
half are in class III hemorrhagic shock.95 The most important prog-
nostic factors following IVC injury are the grade of hemorrhagic 
shock, anatomical level of IVC injury, and associated vascular inju-
ries.58,94–96 Supra- and retrohepatic lacerations have the worst prog-
nosis, and their management can be challenging.

Some IVC injuries present with a contained zone I retroperitoneal 
hematoma, and the patient will remain hemodynamically  stable.  
In this circumstance, a decision for expectant management for 
lesions in the retro- or suprahepatic vena cava would be reasonable, 
despite the dogma of zone I retroperitoneal hematoma treatment. 
There is a considerable degree of difficulty and mortality associated 
with surgical exploration.95,96 Surgical exploration for lesions behind 
the liver may involve combined entry into the chest and abdomen 
and require extensive mobilization of the liver, atriocaval shunting, 
total vascular occlusion, or hepatic vascular isolation. In extreme cir-
cumstances, direct exposure of the IVC can also be accomplished 
through division of the liver along the Cantlie line, though it is rarely 
employed and only if there is already significant injury to the liver.

Infrarenal caval ligation can be an acceptable treatment in a 
hemodynamically unstable patient with significant associated 
traumatic injuries. Ligation above the level of the renal veins would 
lead to fulminant renal failure and is not an appropriate option. 
Reconstruction with autogenous vein or prosthetic conduits are 
the most appropriate treatments despite the low success rate due 

A B

FIGURE 61-3 Penetrating iliac 
artery injury. A, Arteriogram 
revealed 10-cm right common 
iliac artery (CIA) aneurysm with 
iliocaval fistulae following gunshot 
wound to abdomen. B, Arteriogram 
following successful deployment and 
placement of a covered stent.
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to the extreme condition of the patient. If ligation of the infra renal 
IVC is done, the patient's bilateral lower extremities should be 
wrapped and elevated to prevent morbid lower-extremity edema. 
Patients can experience transient edema in the lower extremities 
following primary repair of the IVC that causes stenosis. Older 
patients with IVC stenosis following repair are at increased risk for 
a pulmonary embolus, so some have advocated vena cava filter 
placement superior to the repair.95

PORTAL VEIN INJURY

The portal vein is made up by the confluence of the superior mes-
enteric and splenic veins behind the neck of the pancreas. It consti-
tutes 80% of the hepatic blood flow and provides 50% of the hepatic 
oxygen demand. Its injury accounts for 5% of all abdominal vascular 
injuries.59 The vast majority are a result of penetrating trauma (90%) 
and associated with other vascular injuries 70% to 90% of the time.97 
Following penetrating injury, patients usually present with hemor-
rhagic shock and require an emergent laparotomy. Blunt trauma 
causing a direct blow to the abdomen or severe deceleration forces 
can injure the portal vein, usually in combination with the SMV.

The operative exposure for these injuries can be extensive, using 
an extensive right-sided medial visceral rotation of the ascending 
colon and duodenum. In some circumstances, especially with com-
bined SMV injuries, this exposure may not be adequate, warranting 
division of the neck of the pancreas to increase exposure. These 
patients present in such poor condition that complex reconstruc-
tions are rarely feasible or advisable. Primary repair, if acquiescent, 
is the best surgical treatment. Complex reconstructions should 
only be done in patients with associated hepatic artery injury not 
amenable to repair. The combined absence of blood flow through 
the portal vein and hepatic artery is not compatible with life. These 
situations merit revascularization with autogenous saphenous 
vein graft.97 Ligation is another option that should be considered 
for devastating retropancreatic injuries. Similar to ligation of the 
SMV, splanchnic bed sequestration can lead to patchy bowel-wall 
 necrosis. Massive fluid resuscitation should be expected postopera-
tively. Historical data indicate survival rates between 55% and 85% 
following ligation.97–99 The abdomen should be left open and vacu-
umed packed, with a planned return visit to the operating room 
in roughly 48 hours. The mortality rate associated with portal vein 
injuries can be as high as 50% to 72%.59,98,99

Extremity Vascular Injury
Males 20 to 40 years of age represent the majority the population 
affected by peripheral vascular trauma. Trauma to peripheral vas-
cular structures accounts for roughly 80% of all vascular trauma 
and poses significant disability to a relatively young population. 
Arterial ligation had been the standard of care from the time of 
Galen and the gladiatorial games of Rome through World War II. 
Advances in technique and surgical philosophy during the Korean 
and Vietnam Wars with regard to arterial revascularization and 
limb salvage fostered a significant reduction in amputation rates. 
This revolutionized vascular management of trauma, decreased 
morbidity, and significantly improved outcomes.

Evaluation of patients with suspected peripheral vascular injury 
should be performed promptly and thoroughly. Special attention 
should be paid to the hard and soft signs of vascular injury, as well as  
the viability of the extremity. Despite the fact that over 80% of patients 
with vascular injury will present with absent pulses, shock, or neu-
rological deficits, some will have arterial injuries yet also have distal 
pulses in the affected extremity and be hemodynamically stable.100

Mangled Extremity Score
Assessing the viability of an extremity following trauma can be diffi-
cult. Some patients require a primary amputation because of the unsal-
vageable nature of their limb after trauma. The Mangled Extremity 
Severity Score (Table 61-5) is an objective set of criteria used to predict 

the need for amputation in the upper and lower extremities following 
trauma. It takes into account the extent of soft-tissue/skeletal damage, 
degree of ischemia, level of systemic hypotension, and age. A score of 
7 or higher is the threshold for performing an amputation.

Noninvasive Studies
Doppler ultrasonography has been a valuable resource in the acute 
assessment of extremity vascular injury. Its accuracy in detecting 
vascular injury is high, but limited in its ability to detect intimal 
defects and small false aneurysms. B-mode ultrasonography is also 
an easily accessible and inexpensive study that provides good 
resolution and the ability to diagnose small vascular defects that 
would otherwise be missed by Doppler or physical examination.100

Measuring the ankle-brachial index (ABI) is always helpful. The 
ABI is a ratio of the systolic blood pressure at the ankle relative to 
that of the brachial artery. An ABI of less than 0.9 is indicative of 
vascular disease and, in the setting of trauma, vascular injury.

Computed tomography angiography and MRA are more expen-
sive studies but offer the most accurate noninvasive anatomical 
assessment of peripheral vascular injury. Computed tomography 
angiography is used more frequently because of the presence of 
multiplanar CT scanners within close proximity to most level I 
trauma/emergency bays.

Angiography
In hemodynamically stable patients, catheter-based contrast angio-
graphy is an excellent modality for evaluation and provides the 
opportunity for therapeutic measures as indicated. In general, 
angio graphy is commonly used following blunt extremity injury 
but may prove useful in many circumstances. For example, it can 
be extremely useful in cases with extensive global damage to the 
limb, multiple complex fractures, gunshot wounds, and injuries 
resulting in extensive soft-tissue defects.100 Its use intraoperatively 
and even for postoperative evolution makes it the gold standard of 
most vascular evaluation and treatment modalities.

FACTOR SCORE

Skeletal/Soft-Tissue Injury
Low energy (stab, simple fracture, low-energy 

GSW)
1

Medium energy (open or multiple fractures, 
dislocation)

2

High energy (close-range shotgun or “military” 
GSW, crush)

3

Very high energy (above conditions plus con-
tamination, avulsion)

4

Limb Ischemia (Score Double For >6 Hours of Ischemia)
Pulse reduced but perfusion normal 1

Pulseless, paresthesias, decreased capillary 
refill

2

Cool, paralyzed, insensate, numbness 3

Hypotension
Systolic BP >90 mmHg 0

Transient hypotension 1

Persistent hypotension 2

Age (Years)
<30 0

30-50 1

>50 2

TABLE 61-5 Mangled Extremity Severity Score

BP, blood pressure; GSW, gunshot wound. Adapted from Johansen K, Daines M, Howey T, et al: 
Objective criteria accurately predict amputation following lower extremity trauma. J Trauma 
30: 568–572, 1990.
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Specific Peripheral Vascular Injuries
SUBCLAVIAN-AXILLARY INJURY

Much of the course of the subclavian/axillary artery and vein 
are covered by the clavicle and overlying pectoralis musculature, 
making injury to these structures uncommon. Penetrating trauma 
accounts for the overwhelming majority of cases.101 Concomitant 
injury of artery and vein occurs in roughly 20% of cases.102 Blunt 
injury to these structures are rare, but clavicle and first rib frac-
tures/dislocations have been associated with blunt vascular injury 
in multiple studies.102–104

Minimizing prehospital time is key to successful management 
of these injuries. Upon presentation, critical ischemia of the upper 
extremity is uncommon, and a palpable pulse may be present in 
the extremity owing to the rich collateral circulation around the 
axillary artery. Uncontained hemorrhage from these injuries can 
be devastating and result in mortality at the scene. One study dem-
onstrated an overall mortality rate of 39% in a series of 54 con-
secutive subclavian artery injuries.101 Another review of 79 patients 
illustrated that more than 20% of patients with subclavian/ axillary 
injuries arrived at a medical care facility with no vital signs or 
imminent cardiac arrest due to massive hemorrhage.102

If a proximal venous injury from a neck or chest wound is sus-
pected, the patient should be placed in the Trendelenburg posi-
tion to avoid an embolus (based on the Bernoulli principle of 
fluid dynamics). In the presence of profound hypotension, major 
hemorrhage, or an ischemic/threatened limb, surgical intervention 
should not be delayed. In a hemodynamically stable patient, a care-
ful pulse examination of the upper extremities should be coupled 
with a low index of suspicion for further evaluation with ABI and/
or color-flow Doppler studies.

Similar to other types of vascular injury, multidetector CT scan-
ners are a useful modality, especially with penetrating missile inju-
ries. One study demonstrated that multidetector CT scans were 
helpful in avoiding unnecessary angiography in 85% of cases 
involving transmediastinal gunshot wounds.105 Angiography is less 
used in the diagnostic setting because of the utility and efficacy 
of color-flow Doppler and CT, but it continues to have a vital role 
in the therapeutic arena for managing subclavian and axillary 
injuries.3,73,105–107

The standard incision for a proximal axillary or midsubclavian 
artery injury extends from the jugular notch along the clavicle and 
then downward in the deltopectoral groove. This incision can be 
combined with a median sternotomy to gain exposure for proxi-
mal subclavian injuries. A trap-door incision has been described 
for proximal left subclavian injuries but carries a host of complica-
tions that can be avoided with anterolateral thoracotomy.

Endovascular therapy has been used with high success in both 
blunt and penetrating trauma in selected patients. Those who 
are hemodynamically stable and found to have traumatic AVFs, 
false aneurysms, and focal dissections are ideal candidates. It is 
 important to note that lesions in close proximity to the origins of 
the vertebral and/or right CCAs may preclude safe deployment of 
an endovascular stent graft without covering the origin. One series 
reviewed 23 patients who underwent  intervention for traumatic 
subclavian/axillary artery injuries. Patients who met the criteria for 
and underwent endovascular stenting had shorter operative time, 
less blood loss, and similar patency rates.107

BRACHIAL AND FOREARM VESSEL INJURY

The incidence of upper-extremity vascular trauma historically rep-
resents 30% of vascular trauma. The upper-arm arterial supply is 
made up by the brachial and deep brachial arteries. The forearm 
blood supply consists of the radial, ulnar, and interosseous arter-
ies. Penetrating trauma is the most common etiology of injury, 
and the brachial artery is damaged more than half the time in 
upper-extremity vascular injuries.108 The vascular component of 
upper-extremity trauma per se does not play a large role in overall 
mortality, compared to associated traumatic injuries. Nerve injury is 

widely accepted as the most important prognostic factor/indicator 
of function.108 Concomitant bone, nerve, or venous injury has been 
observed to be as high as 73% in some studies.109

Angiography remains the gold standard for evaluation/diagnosis 
of upper-extremity injuries, but noninvasive studies provide good 
utility in the acute setting. Physical examination and duplex ultra-
sound studies can diagnose most significant injuries but may miss 
smaller or more subtle injuries. Compared to conventional angi-
ography, small series have shown CTA to approach 95% sensitiv-
ity and 98% specificity for upper-extremity vascular lesions.108 That 
accuracy, combined with the easy accessibility of CTA, makes it one 
of the most common modalities used in evaluating these injuries.

Expedient repair of all brachial or forearm arterial injuries is 
vital. Critical limb ischemia may develop in as short as 4 hours 
following injury if not repaired.108 Furthermore, studies of arterial 
injuries of the upper extremity repaired more than 12 hours after 
the traumatic insult suggest that only 25% return to normal arm 
function.110 Isolated injury to the radial or ulnar artery can usu-
ally tolerate ligation without subsequent ischemia because of the 
rich collateral circulation of the forearm and hand. However, it is 
important to remember that only 80% to 85% of the population has 
an intact palmer arch. Under these circumstances, the patient will 
need repair to the ulnar or radial artery to prevent hand ischemia. 
Although compartment syndrome is less commonly seen in the 
upper extremity than the lower extremity, a fasciotomy should be 
considered following any arterial repair in the arm.

FEMORAL VESSELS

Femoral vessel injury is among the most common vascular inju-
ries, constituting approximately 70% of all peripheral vascular 
injuries.111 More than 90% of femoral artery injuries result from 
penetrating trauma, primarily gunshot wounds.100 Exsanguination 
does occur following these injuries, but the superficial course of 
the vessel allows for prehospital control of hemorrhage through 
direct pressure.

Obvious injury to the femoral vessels warrants transfer to a sur-
gical suite for repair. Control of the external iliac vessels may be 
obtained before accessing the contents in the femoral triangle. 
Exposure of the femoral vessels can be gained through a linear 
incision along the medial edge of the sartorius muscle below 
the inguinal ligament. Combined vein and arterial injury can 
prove challenging, with venous bleeding occasionally proving 
more challenging than that of the arterial circuit. Historically, the 
most commonly injured extremity veins include the superficial 
femoral vein (42%), the popliteal vein (23%), and common femo-
ral vein (14%).112 The contralateral limb should be prepared in 
case autogenous vein grafts are needed for repair of the injured 
artery or vein.

In the case of small intimal flaps and pseudoaneurysms, 
observation, nonoperative management, or endovascular 
 techniques (stenting, coiling, etc.) may provide effective therapy. 
Anticoagulation may not be an option in trauma patients, depend-
ing on the associated injuries, but if the decision for observation or 
nonoperative management is made, reevaluation by invasive (angi-
ography) or noninvasive (ultrasound, CTA, MRA) methods should 
be performed to confirm convalescence.

Early diagnosis and aggressive management of femoral vessel 
injury has led to an amputation rate of less than 9%.100 In contrast 
to the strategy employed for venous injury in other parts of the 
body, femoral vein repair is preferred to ligation. If the femoral vein 
is ligated, early fasciotomy and meticulous monitoring of compart-
ment pressures should be performed.

CALF VESSEL INJURIES

The calf vessels include the vascular circuit starting and extending 
distally from the popliteal fossa. These vessels include the popli-
teal, anterior and posterior tibial, and peroneal arteries. Popliteal 
artery injuries represent one of the most challenging of all  vascular 
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extremity injuries to manage. The popliteal artery is the second 
most commonly injured artery in the leg, and more commonly 
results from penetrating injury. Blunt popliteal injury is most com-
monly seen following posterior knee dislocations,113 which can 
have significant orthopedic and neurological consequences.

The outcome from popliteal injury depends importantly on the 
mode of injury. Amputation rates may reach as high as 20% to 50% 
following a high-velocity gun or shotgun blast, which may lead to 
significant soft-tissue injury and septic sequelae. A recent review of 
24 published series demonstrated a much lower amputation rate of 
11%, indicating the marked improvement in limb salvage in mod-
ern civilian series.113,114 The rate of associated injury of local neu-
rovascular structures (popliteal vein, tibial nerve, tibial/peroneal 
arteries, etc.) involved with penetrating popliteal injury ranges 
from 20% to 38%.113,115–117

The operative approach taken depends on the location of asso-
ciated injuries. Popliteal vein injuries should be taken very seri-
ously, with repair or reconstruction performed whenever possible. 
Because of the significant risk of reperfusion injury and venous 
congestion, a low threshold should be maintained for fasciotomy 
in the setting of severe popliteal vessel injury associated with pro-
longed ischemia or combined arterial/venous injury.

Injury to one of the three infrapopliteal arteries rarely results 
in limb ischemia in the absence of preexisting occlusive disease. 
In the setting of isolated hemorrhage from one of these vessels, 
ligation or embolization is an option. However, when the tibio-
peroneal truck or two or more of the infrapopliteal arteries are 
injured, repair or revascularization is vital for limb salvage. Nerve, 
bone, and soft-tissue damage in this region of the body plays a 
major role in limb salvage. Historical data demonstrate an ampu-
tation rate of 54% when associated orthopedic, nerve, and soft-
tissue injuries are present.118

EXTREMITY VENOUS INJURY

The aggressive approach to arterial injury in the extremities has not 
been matched in the approach to venous repair. Venous ligation 
may result in thrombosis and venous insufficiency, ultimately lead-
ing to significant chronic disability. A balanced approach should 
include ligation for injury to minor veins, and repair or reconstruc-
tion for larger veins when possible.

Iatrogenic Vascular Injury
An increased incidence of iatrogenic vascular injury has been 
associated with the development of catheter-based cardiac and 
peripheral interventions to treat cardiovascular disease. Most of 
these injuries fall within the realm of penetrating vascular injuries. 
In a recent observational series, the commonest cause of vascular 
trauma (and with the lowest mortality rate) was catheter-based iat-
rogenic injury. While noniatrogenic injury occurred with the same 
incidence as penetrating/blunt trauma, it was associated with a 
fourfold excess mortality.119 Many iatrogenic injuries have thera-
peutic solutions that can depend on catheter-based intervention, 
but direct surgical repair is occasionally required. The need for 
surgical intervention is usually dependent on the hemodynamic 
status of the patient at the time of injury, or the presence of signifi-
cant ischemia due to the injury.

Pseudoaneurysms and Arteriovenous Fistulae
FALSE ANEURYSM

Suspicion of an iatrogenic pseudoaneurysm should occur in 
the setting of a swollen groin, excessive pain at the insertion site,  
or soft-tissue hematoma at the puncture site. Presence of a bruit 
and ongoing pulsatile bleeding are highly suggestive of a pseudo-
aneurysm. Arterial duplex examination has nearly 100% diag-
nostic accuracy, and if suspicion is present, no hesitation should 
delay obtaining the examination (also see Chapter 12). The test is 
simple, quick, and has excellent sensitivity and specificity. Duplex 

ultrasonography can be performed at any location in the  hospital 
but may be less efficacious in conditions of morbid obesity or 
when a very large hematoma is present. The location of certain 
vessels, including the subclavian, profunda femoris, and visceral 
arteries can make imaging by duplex ultrasound challenging 
owing to depth of the vessel, overlying bone, or bowel gas. Duplex 
ultrasound evaluation in the longitudinal and transverse planes is 
essential to identify the neck, confirm flow outside the artery, and 
accurately measure the size of the pseudoaneurysm. Typical char-
acteristics seen on duplex ultrasound imaging include swirling 
of color flow in a mass distinct from the underlying artery, color 
flow signal through a tract leading to a sac, and to-and-fro Doppler 
waveform in the pseudoaneurysm neck. The precise definition of 
the false aneurysm size and neck is one of the most important 
parameters for determining treatment options. Larger neck and 
width often correlates directly with larger arterial defects that are 
generally more refractory to treatment with minimally invasive 
techniques. In the setting of a significant drop in blood pressure, 
decreasing hematocrit, or an obese patient, where duplex ultra-
sound examination is technically difficult, a CT scan with contrast 
may be useful to confirm the diagnosis of a pseudoaneurysm and 
exclude the presence of a large retroperitoneal hematoma.

ARTERIOVENOUS FISTULA

Although physical examination alone is not diagnostic for fem-
oral pseudoaneurysm, it can be highly accurate and specific 
for detecting the presence of an AVF. A to-and-fro holosystolic/ 
diastolic bruit at the puncture site is both diagnostic and pathog-
nomonic for an AVF. In addition, the intensity of the sounds 
correlates with the size of the fistula. An ultrasound is unlikely to 
better characterize the extent of arteriovenous flow in the pres-
ence of these clinical findings. In the acute setting, femoral AVFs 
after groin interventions tend to be small in size and have sig-
nificantly less flow than AVFs constructed for patients requiring 
hemodialysis. In certain situations, days, months, or years after 
trauma or a groin intervention, the insidious onset of heart failure, 
limb swelling, or claudication can be the initial presentation for 
an AVF.120 The diagnosis of an AVF can be made by duplex ultra-
sound when the characteristic physical findings are not clearly 
present (also see Chapter 12). There are strict duplex ultrasound 
criteria for establishing a diagnosis of AVF:

1. A colorful speckled mass at the level of the fistula, with turbulent 
flow in the arteriovenous connection.

2. Increased venous flow in the proximal common femoral vein 
as compared to the contralateral side of the fistula.

3. No augmentation of venous flow with Valsalva.
4. Decreased arterial flow distal to the suspected fistula.
Computed tomography scans do not provide great efficacy 

in confirming the diagnosis of a femoral AVF, but in patients who 
have a more central fistula (aortocaval, iliac artery–iliac vein 
AVF), CT scanning is essential to delineate the arterial location of 
the connection and adjacent structures.

Treatment Options
FALSE ANEURYSMS

In the absence of impending cutaneous necrosis, femoral nerve 
compression symptoms, and continued bleeding despite local 
compression, most pseudoaneurysms can be managed conserva-
tively with observation. In a study of femoral aneurysms 3 cm or 
less in diameter, not associated with severe pain, and in the set-
ting of no systemic anticoagulation, there was an 89% spontaneous 
thrombosis rate with no complications. The mean time for throm-
bosis was 23 days, with a mean number of 2.6 duplex examinations 
per patient.121 Loss or compromise of distal circulation, necrosis 
of overlying skin, uncontrolled bleeding despite compression, and 
reversal of anticoagulation mandates emergent surgical interven-
tion to repair the femoral pseudoaneurysm.
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Ultrasound-Guided Compression

Usually, direct compression should be performed in an unfed 
patient (to limit the risk of aspiration due to a vagal response) 
whose tissue is infiltrated with copious amounts of Xylocaine.  
A C-clamp or FemoStop can be applied to the apex of the false 
aneurysm for 30 to 40 minutes and slowly released over time.

Thrombin Injection

Ultrasound-guided thrombin injection (bovine and human throm-
bin) is currently the preferred treatment method in many centers. 
Because of the risk of immunoglobulin (Ig)E-mediated anaphy-
laxis, the bovine form should be used with caution in patients with 
a history of previous exposure. Some evidence exists to suggest 
that considerably lower doses of human thrombin are needed to 
treat pseudoaneurysms, so there is reduced risk for complications. 
Thrombin injection is accomplished by inserting a 22-gauge nee-
dle under direct ultrasound visualization through the superficial 
aspect of the pseudoaneurysm. Thrombin (usually 50-1000 units) 
is injected until blood flow ceases on color Doppler ultrasound 
imaging. Recurrence rates range from 0% to 9%; therefore, a repeat 
or serial ultrasounds are obtained within 24 hours of the initial 
injection. Intraarterial occlusion with thrombosis or embolization 
is estimated to be 2% and can be managed expectantly depend-
ing on the clinical situation. Thrombin injection is contraindicated 
in the presence of an AVF or a pseudoaneurysm with a very short, 
broad neck because of the risk of embolizing thrombin clot into 
the artery and down the leg.

Endovascular Repair

Traumatic injury to visceral and pelvic vessels can lead to false 
aneurysms that are best treated with percutaneous methods 
including microvascular coils, thrombotic agents, and covered 
stents. In many circumstances, prostheses developed to treat 
aneurysms can be modified to treat traumatic rupture and pseu-
doaneurysms of vessels on an individualized basis. To date, these 
endovascular repairs have been durable, and in the absence of life-
threatening bleeding should be considered in light of many sig-
nificant associated injuries.3,122 Endovascular repair of iatrogenic 
injury to femoral vessels can be achieved quickly, but could inad-
vertently occlude the common femoral artery (CFA) because of 
kinking. The groin is an area of repetitive flexion, which can lead to 
stent fracture and thrombosis.

Surgical Intervention

In patients with impending skin necrosis or compression of the 
adjacent nerve or vein, urgent open repair of a pseudoaneurysm 
is indicated. On rare occasion, especially when the presentation is 
delayed or there is suspicion of an infectious process, access to the 
retroperitoneum may be necessary to achieve proximal control of 
lower-extremity inflow at the level of the iliac vessels. Regardless, 
exposure should be obtained proximal and distal to the punc-
ture site, and digital control of the bleeding can be obtained. In 
most cases, the defect in the artery can be repaired primarily.  
It is essential to check the back wall of the artery to be sure there 
is not another source of bleeding. Rarely, when significant injury is 
present in a significantly diseased artery, a patch may be required 
to avoid compromising the lumen. Interrupted rather than con-
tinuous suture repair may be preferable because it allows precise 
placement of individual sutures and avoids excessive tension on 
the repair of the arterial suture line.

ARTERIOVENOUS FISTULAE

Femoral AVFs tend to persist in patients who are on steroids or 
suffer from chronic renal insufficiency. Implantation of covered 
stents in the femoral artery has been reported but appears to be 
contraindicated. As previously mentioned, there is considerable 
concern regarding complications of this approach, risks for reste-
nosis, stent fracture due to frequent flexion in the groin region, and 
possible limitations for future femoral intervention.123 Ongoing 

 investigations will provide definitive understanding of the utility 
of this technique for managing femoral AVFs. In contrast to healthy 
concern about the durability of covered stent repairs in common 
femoral AVFs, the use of covered stents to manage iliac vein–
iliac artery or aortocaval fistulas have been very effective.124,125 
Operative repair of a chronic AVF can be hazardous because of 
the friable nature of the vessels and the risk for considerable blood 
loss. Optimal treatment requires obliteration of the fistula and  
restoration of arterial and venous flow. At times, interposition 
grafting or patch angioplasty is needed to preserve flow without 
narrowing vessels. If there is a large defect in the vein, preopera-
tive placement of arterial or venous balloons for intraoperative 
occlusion may help decrease hemorrhage during repair of the 
vessels feeding the fistula.

Pediatric Vascular Trauma
Vascular trauma in the pediatric population is uncommon, 
 occurring in only 0.6% of all pediatric trauma patients. Although 
less frequent than in adults, penetrating trauma is responsible for 
a slight majority of pediatric vascular injuries.126,127 Vascular trauma 
in children presents a unique challenge based on the character-
istics of small, thin-walled vessels with poor tissue support and 
pronounced tendency for vasospasm in the setting of small intra-
vascular volumes.127,128 Vessels of the upper extremity are the most 
commonly injured and are associated with low mortality. Injuries 
of the thoracic aorta and great vessels are rare. Injury to the carotid 
artery is exceedingly rare but can have devastating morbidity and 
mortality if not recognized and managed promptly.129 Decisions 
regarding operative management in the pediatric population must 
take into account vessel size and future growth potential, which 
may require future vascular revision. Amputations are usually 
reserved for severely mangled extremities; all attempts should be 
made for limb salvage. Overall, pediatric patients have an improved 
adjusted mortality when compared to adults.130
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Neurovascular structures can be compressed by adjacent tis-
sues in several areas in the body. Although not common, there 
are clinical sequelae to these situations. The anatomical regions 
most associated with compression syndromes are the thoracic out-
let, popliteal fossa, and proximal portion of the celiac artery as it 
passes the arcuate ligament. The basic pathophysiology behind 
these lesions is occasionally seen elsewhere in unusual diseases 
such as the nutcracker syndrome (compression of the left renal 
vein between the aorta and superior mesenteric artery [SMA]), 
adductor canal compression syndrome (abnormal bands from 
the adductor magnus compressing the superficial femoral artery 
[SFA]), or compression of the distal external iliac artery (EIA) just 
proximal to the inguinal ligament in bicyclists. This chapter focuses 
on the more commonly encountered syndromes.

Thoracic Outlet Syndrome
Thoracic outlet syndrome (TOS) describes a broad spectrum of 
symptoms and signs all related to compression or injury of the key 
anatomical structures that traverse this narrow aperture on their 
way to the upper extremity. This syndrome manifests in three main 
forms on the basis of the tissues involved: neurogenic, venous, and 
arterial. Neurogenic thoracic outlet is by far the most common, 
accounting for 98% of cases.1 At a distant second, venous thoracic 
outlet occurs in 1.5%, followed by arterial at 0.5%. Considerable 
controversy surrounds the diagnosis of TOS, especially the neu-
rogenic form. However, decades of research have served to bet-
ter establish pathophysiology, diagnosis, and treatment of this 
syndrome.

In 1956, Peet et al. caused a major shift in the modern conception 
of TOS when they coined the term thoracic outlet syndrome and 
described a therapeutic exercise program, essentially the first phys-
ical therapy program for TOS.2 This coincided with a shift of thera-
peutic focus to surgical intervention. In 1962, Clagett described high 
thoracoplasty for first rib resection, an operation requiring division 
of the trapezius and rhomboid muscles.3 In 1966, Roos described 
what has become for many the modern treatment of choice for TOS, 
the transaxillary first rib resection.4 This operation was fashioned 
after the transaxillary sympathectomy. First rib resection by this 
route offered reasonable exposure and minimal morbidity, espe-
cially when compared with previously employed techniques.

Anatomy of the Thoracic Outlet
The limited space and large number of important structures that 
must traverse the neck and chest areas on their way to the upper 
arm make the thoracic outlet an area like no other in the body. 
Although any number of anatomical anomalies predispose or 
directly cause compression to the neural, venous, or arterial struc-
tures within its confines, the normal anatomy itself does not leave 
much room for stress positioning.

Definitions may vary from author to author, but it is generally 
accepted that the thoracic outlet is the area from the edge of the 
first rib extending medially to the upper mediastinum and superi-
orly to the fifth cervical nerve. The clavicle and subclavius muscles 
can be pictured as forming a roof, and the superior surface of the 
first rib forms the floor. Machleder's description of the thoracic  
outlet as a triangle with its apex pointed toward the manubrium is 
helpful in visualizing the three-dimensional (3D) orientation of the 
structures, as well as the dynamic changes that can lead to injury.5 
In this model, the clavicle and its underlying subclavius muscle and 
tendon form the superior limb, and the base is the first  thoracic rib. 

The point at which these two structures “overlap” medially can be 
pictured as the fulcrum of a pair of scissors that opens and closes 
as the arm moves, potentially causing compression of the thoracic 
outlet contents (Fig. 62-1).

Although most TOS symptoms are related to nerve compression, 
almost any structure that travels through the thoracic outlet can be 
involved. Moving from anterior to posterior, one first encounters the 
exiting subclavian vein, usually positioned adjacent to the region 
where the first rib and clavicular head fuse to form a fibrocartilagi-
nous joint with the manubrium. Immediately posterior to the vein 
is the anterior scalene muscle, which inserts onto a prominence 
on the first rib. Next encountered is the subclavian artery, with the 
anterior scalene muscle lying between the artery and vein. The bra-
chial plexus is the next structure encountered, oriented superior, 
posterior, and lateral to the artery. The C4-C6 roots are superiorly 
oriented, and the C7-T1 roots inferior. Posterior and lateral to the 
plexus, there is a generally rather broad attachment of the middle 
scalene muscle to the first rib (Fig. 62-2).

Other structures encountered in the thoracic outlet include the 
phrenic and dorsal scapular nerves, stellate ganglion, long thoracic 
nerve (as it emerges through the middle scalene), thoracic duct, 
and the cupola of the lung. The thoracic duct may be encountered 
if a left supraclavicular approach is undertaken, and care must 
be taken not to injure or ligate it if injury occurs. Finally, one must 
watch for pleural injury in any approach to TOS and be prepared 
to evacuate pneumothoraces when indicated.

Some authors further classify the thoracic outlet on the basis 
of three anatomical apertures within this broader space: the inter-
scalene triangle, costoclavicular space, and subpectoral space.6 
The most medial aperture that can result in neurovascular com-
pression is within the interscalene triangle. The artery and brachial 
plexus together pass through this space formed by the anterior 
scalene anteriorly, middle scalene posteriorly, and first rib inferi-
orly. Abnormalities of the anterior or middle scalene, presence of 
a scalenus minimus muscle (seen in <50% of patients, originating 
between the T1 nerve root and the anterior and inserting onto the 
pleura and first rib), presence of a cervical rib (0.5% incidence), 
and presence of fibrous bands (scarring or congenital) can lead to 
neurovascular compression in this space.6

Lateral and anterior, one can describe the costoclavicular 
space, bound by the clavicle with its subclavius muscle and ten-
don anteromedially, the first rib, anterior and middle scalene 
muscles posteromedially, and the scapula posterolaterally. Bony 
abnormalities, either congenital or acquired, can narrow this 
space and result in neurovascular compression. The subclavian 
vein is especially susceptible to compression in this region as it 
passes through the narrow space created by the confluence of the 
clavicle, subclavius muscle and tendon, and the first rib.6

Just deep to the insertion of the pectoralis minor muscle on the 
coracoid process is the subpectoral aperture. Rarely, neurovascular 
compression can occur in this space, usually as a result of hyperab-
duction of the arm, compressing the structures against the chest wall.6

Pathophysiology of Thoracic Outlet Syndrome
Fundamentally, the pathophysiology of TOS is based on the pres-
ence of one or more anatomical abnormalities that narrow the tho-
racic outlet and extrinsically compress the neurovascular structures 
contained within. Anatomical abnormalities associated with TOS 
can be broadly classified as soft tissue or bony and may be acquired 
or congenital. Acquired may be related to bony or soft- tissue injury, 
as well as physical activity leading to muscle hypertrophy.
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The congenital soft-tissue anomalies believed to predispose 
one to TOS have been well described in the literature. Cadaver 
studies done by Juvonen, Raymond, and others shed light on the 
incidence of specific anatomical anomalies in the general popula-
tion.7 This work is based on the initial observations of Roos, who 
extensively classified the muscular and fibrous band anomalies 
seen in patients presenting with TOS.8

Many acquired soft-tissue injuries leading to TOS are the direct 
result of physical trauma. Studies suggest that soft-tissue injury 
 following motor vehicle trauma (e.g., whiplash) may be the most 
common underlying etiology.9,10 Other injury patterns include 
 falling onto one's head and shoulder, causing a lateral stretch injury. 
In a review of operative TOS patients by Sanders and Hammond,11 
86% had a history of trauma. This prevalence of trauma is consider-
ably higher than in many other reports, but stresses the role trauma 
can play in the disorder.11

Repetitive stress and poor postural habits are also leading causes 
of TOS.10 Vocations associated with TOS include typists, violinists, 
or assembly line workers. Other activities include weight lifting or 
strenuous sports, which lead to hypertrophied scalene musculature. 
Anatomical studies have documented  compression of the subcla-
vian vein into the costoclavicular notch by this muscle.12 This has 
clear implications for axillosubclavian vein thrombosis. Additionally, 
some surgeons see a link between Paget-Schroetter's syndrome 
and subclavius tendon hypertrophy, particularly in the presence of 
an enlarged insertion tubercle. Others have implicated a role for 
the pectoralis minor muscle.13 Rarely, connective tissue disorders 
have been implicated as a direct causative agent, namely localized 
scleroderma.14

A number of bony abnormalities are found in association with 
TOS, with the presence of a cervical rib being most common. Autopsy 
studies indicate that approximately 0.5% of the general popula-
tion has this structure15 (Fig. 62-3). Further, routine chest radio-
graphy demonstrates a cervical rib in roughly 0.7% of individuals.16 
Historically, series from the United States report cervical ribs in 10% 
to 65% of TOS patients, while the European literature reports 25%.15,17 
The reason for this discrepancy is not known. It may be at least in part 
due to variable recognition of neurogenic thoracic outlet in the gen-
eral population, thus adding bias to these figures. Modern data suggest  
the percentage of TOS patients with cervical ribs is much lower.

Cervical ribs can be completely formed or rudimentary. In the 
latter case, there is almost always a compressive band of tissue 
extending to the first thoracic rib. As they project from transverse 
processes, cervical ribs displace the involved structures forward. 
The subclavian artery is particularly vulnerable to damage in 
this configuration, and some surgeons feel that arterial changes 
secondary to TOS rarely occur in the absence of a cervical rib. 
Another common bony anomaly is the presence of an elongated 
C7 transverse process, which can similarly impinge on the neuro-
vascular structures. Fibrous bands may also be present from an 
elongated C7 transverse process to the first rib, further worsening 
the problem.9 Posttraumatic changes following clavicular or first 
rib fractures are commonly reported, with callous formation at the 
clavicle and pseudoarthroses of the first rib.18 These changes can 
frequently be appreciated radiographically.

Presentation of Thoracic Outlet Syndrome
NEUROGENIC THORACIC OUTLET SYNDROME

Patients can present with the symptoms of neurogenic TOS at any 
age, although it most commonly occurs in otherwise healthy young 
to middle-aged individuals. Women are affected three times more  
frequently than men.1 Neurogenic symptoms can range in severity 
from nuisance to severely debilitating pain. The most common symp-
tom is pain in an arm, shoulder, and/or the neck. Paresthesias are 
also commonly present to varying degrees. Although less common, 
perceived weakness or loss of dexterity can be seen. This  occasionally 

Long thoracic
nerve Middle scalene muscle

Anterior scalene muscle

Subclavian
artery

Subclavian vein

First rib

Brachial plexus

FIGURE 62-2 Diagram showing complex anatomical relationships 
within thoracic outlet, including broad-based attachment of middle 
scalene muscle. Clavicle has been removed for exposure.

FIGURE 62-3 Chest radiogram demonstrating a left cervical rib (arrow).

First Rib

Fulcrum

Manubrium

FIGURE 62-1 Useful schematic for visualizing the thoracic outlet, 
demon strating “scissoring” effect between clavicle and first rib. Although 
a simplification, it suggests how removal of either the clavicle or first rib can 
decompress the region.
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manifests as a decrease in grip strength.1 However, gross motor dys-
function and wasting of the upper extremity is unusual. Gilliat and 
colleagues description of classic neurogenic TOS with muscle wast-
ing in the hand is seldom seen.19

Pain may originate anywhere in the upper extremity, but the 
most common site is the back of the shoulder. The suprascapular 
portion of the trapezius may be involved. From the shoulder, pain 
can spread up the ipsilateral extremity along the back and neck, or 
even up the face. This situation can lead to hemicranial headaches 
that can be labeled as migraines.

Pain involving the arm can be focused to a particular nerve 
distribution or generalized. When localized, ulnar symptoms tend 
to be the most common, leading to pain and/or paresthesias 
involving the ring and small fingers. These so-called lower plexus  
(C8-T1) symptoms are commonly seen. However, upper plexus 
(C5-C7) manifestations can also be seen, manifesting as pain in the 
lateral arm and forearm, lateral neck, and deltopectoral region.1

Patients may report pain at rest that is not relieved by positioning. 
However, the typical patient reports that stress positioning exacer-
bates symptoms. This is particularly the case with work-related situ-
ations. People who must perform tasks with elevated arms or hold 
their arms in other awkward positions note they are no longer able 
to perform these tasks. Examples include waitresses, mechanics, 
and truck drivers. With prolonged stress positioning, patients may 
report finger discoloration, coolness of the extremity, or even swell-
ing. Driving an automobile can be difficult with the concomitant 
numbness and tingling in the fingers that can occur.

Patients often report that their symptom complex started after 
a traumatic event. These can be chronic repetitive-type injuries, 
such as seen with pitchers and other athletes. Direct injury to the 
chest wall or shoulder can also precipitate symptoms, particularly 
if associated with a clavicular fracture or acromioclavicular joint 
dislocation. As mentioned previously, whiplash-type injuries are 
also associated with TOS. Even a minor injury can unmask the syn-
drome in a previously completely asymptomatic individual.

VENOUS THORACIC OUTLET SYNDROME  
(PAGET-SCHROETTER'S SYNDROME)

Paget-Schroetter's syndrome (axillosubclavian vein thrombosis 
or “effort” thrombosis) usually presents suddenly in a previously 
healthy patient without antecedent symptoms. Typically the patient 
is a young athlete or worker with a component to their sport or 
job that requires prolonged or repetitive stressful positioning of the 
arm. Examples include baseball players, swimmers, weight  lifters, 
volleyball players, and mechanics. The presentation is usually 
acute and dramatic, often prompting urgent medical care.

The involved extremity becomes acutely swollen with varying 
degrees of discoloration ranging from rubor to cyanosis. The red-
ness may be confused with the erythema of an infection, leading to 
a delay in diagnosis. Physical examination may reveal the presence 
of dilated collateral veins around the shoulder and upper arm. The 
remainder of the physical examination is usually normal.

Occasionally, aching pain due to tightness of the skin may also 
be present, but is absent in the majority of patients.20 However, the 
typical spectrum of symptoms seen in patients with neurogenic 
TOS are not usually associated with Paget-Schroetter's syndrome. 
Although uncommon, ipsilateral sympathetic hyperactivity can be 
seen with this condition.

An alternate presentation may occur with an acute traumatic 
injury. Typically, after an injury to the shoulder area, a few days 
pass and ipsilateral arm swelling occurs. The natural history of this 
variant of Paget-Schroetter's syndrome is the same, reflecting the 
fact that the injury most likely contributed to compression in the 
thoracic outlet. Thus, the thrombosis associated with injury is really 
the same insult seen in “spontaneous” thrombosis.

If the condition is left untreated, the swelling typically resolves 
over the course of days or weeks. The patient typically does not 
have symptoms at rest but cannot use the arm for any period of 
time, particularly in a stressed (abducted, externally rotated) 

 position. The collateral channels that develop and allow the swelling 
to abate are rarely adequate to accommodate the increased venous 
return that occurs with activity.

ARTERIAL THORACIC OUTLET SYNDROME

Arterial TOS is the most rare and varied form of TOS. Chronic 
compression of the artery leads to insidiously progressive inflam-
matory changes and scarring of the vessel. These patients rarely 
present early in the course of this process. Even after they seek 
medical care, many will have a history that supports the diagnosis, 
including symptoms such as episodic pallor, cyanosis, and cold 
intolerance. Patients may present with an array of complaints and 
physical findings, ranging from intermittent arm claudication to 
signs of distal embolization or frank ischemia. Rarely, patients may 
present with aneurysm rupture from long-standing poststenotic 
dilatation.16

Patients not infrequently are misdiagnosed with collagen vascu-
lar disease, various forms of arteritis, or Raynaud's disease. However, 
when symptoms are unilateral and isolated to circulation distal to 
the subclavian artery, one should be alerted to the possibility of 
arterial TOS. Because there is overlap between the clinical presen-
tation of arterial insufficiency and neurogenic disorders, patients 
may be misdiagnosed with carpal tunnel syndrome, cervical disc 
disease, or even neurogenic TOS. It is important to maintain a high 
index of suspicion for this entity because its clinical presentation 
is not straightforward.16

Diagnosis of Thoracic Outlet Syndrome
No generally accepted battery of tests must be performed to con-
firm the presence of TOS. Most physicians and surgeons familiar 
with the disorder require, at minimum, a physical examination con-
sistent with the symptoms, cervical radiographs to rule out disc  
disease, and a chest radiograph to visualize any bony abnormali-
ties. Other tests may be applied as needed when the diagnosis 
is not clear. The need for invasive or expensive tests is an area of 
considerable debate.

HISTORY AND PHYSICAL EXAMINATION

Because the overwhelming majority of patients who present with a 
suspected diagnosis of TOS will be of the neurogenic type, this sec-
tion mainly focuses on this type of TOS. Venous and arterial forms 
will be discussed later. As with any initial evaluation, an extensive 
history should be taken, including any injuries and the patient's 
occupation. Exacerbating and ameliorating factors should be 
identified if present. In conjunction with a good history, most cases 
of TOS can be diagnosed on the basis of physical examination.  
A thorough examination should focus not only on the site of com-
plaints but also on other areas commonly involved in neurologi-
cal conditions. This includes the patient's general appearance and 
other signs of symptom impact. Deep tendon reflexes, grip strength, 
and pulses should also routinely be assessed. Palmar hyperhidro-
sis should be noted if present. Machleder points out that even in 
neurogenic TOS, changes in pulses can occasionally be detected.21

Note should be made of symmetry of the muscle groups of the 
shoulders and upper extremities. Although serratus anterior atro-
phy is occasionally present with TOS (as demonstrated by a winged 
scapula), patients generally do not have obvious muscle atrophy. 
In fact, they often have essentially normal gross baseline sensory 
and motor examinations. However, useful information can still be 
obtained if one uses an organized approach. Initial palpation of 
the structures of the chest wall, cervical region, and shoulder can 
be useful before undertaking provocative testing. The region over-
lying the anterior scalene muscle is often exquisitely tender in the 
face of brachial plexus entrapment or irritation. In addition, percus-
sion of the clavicle can reproduce pains and  paresthesias in TOS 
patients. Point tenderness can sometimes be elicited along the ante-
rior border of the trapezius at the junction of the neck and shoulder 
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(band spot). These simple maneuvers should be performed before 
more complex maneuvering of the patient, which may cloud later 
findings.

The physical examination also plays an important role in ruling 
out other causes of a patient's symptoms. Although cervical symp-
toms are common with TOS, limited cervical range should not be 
seen, nor should there be excessive tenderness over the vertebral 
bodies. The presence of either of these suggests an alternate diag-
nosis. Specific neurological evaluations such as the Spurling test, 
eliciting a Tinel sign, and the Phalen maneuver can also be used to 
rule out other diagnoses.

After this general neurological assessment, tests more specific 
for the presence of TOS can be undertaken. The most useful test to 
aid in the diagnosis of TOS is the elevated arm stress test (EAST), 
which was originally described by Roos in 1966 as a means of elic-
iting upper-extremity claudication and neurological symptoms.22 
In the test, the patient's arms are placed in 90 degrees of abduc-
tion and external rotation, with 90 degrees of flexion at the elbow 
(“hold-up position”). The patient is then asked to repeatedly clench 
and unclench the hands. This positioning is designed to constrict 
the space within the thoracic outlet in an effort to reproduce 
the patient's symptoms. When positive in patients with TOS, this 
test should bring on weakness and paresthesias in the ulnar and 
median nerve distributions within 3 minutes. Inability to complete 
testing owing to symptoms is also considered a positive result. 
Attention should also be made to the color of the hands during the 
EAST because one may become pale and ischemic if arterial com-
promise is involved. Proponents of EAST argue that it is specific for 
TOS and that the length of time to onset of symptoms correlates 
with severity of TOS. However, some question the anatomical basis 
for the test, particularly how clenching and unclenching the hand 
can lead to stress on the brachial plexus.23 This test is not with-
out its detractors. Although anecdotally reported to have excellent 
specificity, a study from 1985 found a positive test in more than 
80% of patients with carpal tunnel syndrome. Other studies con-
ducted using healthy subjects have also reported a high rate of 
false positives.24,25

Closely related to the EAST is the abduction and external rota-
tion (AER) test. The arm is abducted and rotated and held in that 
position. This test works by a similar mechanism and likewise pro-
duces the weakness and numbness seen with EAST in a similar 
distribution, namely the C8 to T1 fibers supplying the median and 
ulnar nerves. In addition, one can sometimes detect a bruit below 
the lateral portion of the clavicle that is attributable to partial com-
pression of the axillary artery. Both of these tests appear particu-
larly suited to work-related and repetitive motion–associated TOS.26

Although many clinicians routinely assess for pulse changes with 
these provocative maneuvers, this adds little useful information to 
such testing. The original Adson test (chin elevation and head rota-
tion toward affected side) consisted of assessment of the radial 
pulse; Adson sign is subsequent loss of the radial pulse. Although 
it has historically been used to screen for TOS, Adson sign is also 
frequently seen in patients without TOS and is unreliably present 
in those with confirmed TOS. Therefore, it should not be used to  
establish the diagnosis.1,27 Additionally, Wright described the 
hyperabduction position back in 1945, which is also of little clin-
ical utility, given its positive result in most healthy individuals. 
Furthermore, as many as 60% of healthy subjects who undergo 
EAST will have diminution of the radial pulse.25

None of these aforementioned tests is pathognomonic, but the 
presence of one or more of them can help support the diagnosis 
of TOS. Combined with a proper history, the diagnosis of TOS can 
be established, other disorders can be effectively ruled out, and 
further tests avoided.

OBJECTIVE TESTING

Although numerous objective modalities have proven useful in 
the diagnosis of TOS, none are diagnostic and remain adjuncts 
to a proper history and physical examination. Perhaps the most 

 useful study is a plain chest radiograph. This inexpensive study can 
 readily identify cervical ribs, evidence of previous rib or clavicular 
fracture, or other chest wall abnormalities that have been linked 
to TOS. It is also important to exclude other potential etiologies 
for the patient's symptoms, namely cervical spine disease, so cer-
vical spine imaging is commonly used. Cervical spine x-rays can 
be obtained, although this modality has been widely supplanted 
by computed tomography (CT) and magnetic resonance imaging 
(MRI) in the diagnosis of cervical spine pathology.

Use of objective neurodiagnostic tests for TOS has met with 
some success, although it continues to be an area of consider-
able controversy. This modality came to the forefront in the early 
1960s, but the anatomical constraints of attempting to measure 
changes across the brachial plexus have always made its applica-
tion in this position difficult. Specific techniques vary, but princi-
pally these studies evaluate nerve conduction velocity as well as 
amplitude. The most common and basic electrophysiological stud-
ies involve direct motor and sensory nerve testing at the root, cord, 
trunk, and/or nerve level. Tests are considered abnormal when the 
velocities and amplitudes deviate from accepted norms. Perhaps 
the main criticism of these tests is that they only tend to be posi-
tive in patients with advanced disease, in whom history and phys-
ical examination should be sufficient. Roos suggests they offer 
“little definitive diagnostic information” and that one “still must rely 
on careful history and physical.”24 All of this reflects the fact that 
most electrophysiological tests evaluate larger myelinated nerve 
fibers, not the smaller fibers whose injury mediates the pain asso-
ciated with TOS. A study by Franklin et al. found that of 158 TOS 
patients, only 7.6% had abnormalities in their electrodiagnostic 
tests.28 Furthermore, this diagnostic modality is subject to signifi-
cant interobserver bias. No standardized easily reproducible tech-
nique has been adopted, nor has any been extensively studied 
and proven useful in suspected TOS patients. Beyond the limited 
role of establishing the diagnosis of TOS, these studies can result 
in significant discomfort for the patient who is already suffering 
from disabling pain. They should therefore be used only in special 
instances. These techniques can be useful, however, to exclude the 
diagnosis of TOS in cases where another neurological process is 
suspected (e.g., carpal tunnel syndrome).

Let us look closer at some specific techniques that have been 
used in patients with neurological disorders of the upper extremity. 
First, several authors have described their experience using ulnar 
conduction velocity from Erb's point (above the clavicle and lat-
eral to the insertion of the sternocleidomastoid muscle) to the 
elbow to assess for TOS, but this technique has been criticized.21 
However, if there is severe disease with concomitant axonal dam-
age, changes in ulnar action potentials can be demonstrated.  
A reasonable approach to conduction studies includes sensory 
testing of the median and ulnar nerves at the wrist to screen for 
carpel tunnel syndrome and TOS, respectively.

Electromyography is capable of providing objective data sup-
porting the diagnosis of TOS in a setting of advanced disease. This 
study demonstrates spontaneous firing of acutely denervated mus-
cle fibers (positive sharp waves, fibrillation potentials), but this is 
not the usual clinical situation for TOS. Rather, after reinnervation, 
prolonged and irregular potentials are seen. Because this is a reflec-
tion of previous denervation injury, many of these patients have 
atrophy of the involved muscle groups, and the electromyogram 
(EMG) can confirm that the lower trunk of the brachial plexus was 
injured. However, in patients without evidence of atrophy, this test 
is not likely to reveal these findings. This fact is supported by stud-
ies showing that standard EMG tests are negative in 62% of TOS 
patients.29 However, these tests can be used to examine the paraspi-
nal muscles, which can be important in ruling out radiculopathy as 
the cause of the patient's symptoms.

F-wave studies are an attractive concept for evaluating TOS 
because they allow for propagation of the stimulus back to the spi-
nal cord, thus crossing the brachial plexus and obviating the need 
for proximal nerve access. In this technique, nerve stimulation at 
the wrist leads to not only an immediate action potential in the 
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affected muscle groups, but also to this proximal propagation with 
a concomitant reflection from the cord, leading to a secondary 
action potential. This returning potential is the F-wave. Generally, 
multiple trials are recorded, and the shortest period between per-
cutaneous stimulus and the secondary response is taken as the 
latency. This period is delayed if the nerve fibers are damaged, 
as can be seen with TOS. These tests tend to be poorly tolerated 
by many patients, and it is prudent to avoid their use unless other 
tests have proved unrewarding and further diagnostic information 
is required.

Somatosensory evoked potentials (SSEPs) can play a role in 
the workup of TOS. Currently, assessment of the ulnar and median 
nerves can be used for evidence of their compression at the tho-
racic outlet. When abnormal, these studies tend to show lower 
plexus injury (ulnar) with normal median function. This is seen pri-
marily as a blunting of Erb's point peak. Machleder et al.30 showed 
that 74% of their patients carrying a clinical diagnosis of TOS had 
abnormal evoked responses. Furthermore, when these patients 
were studied following operative decompression of their thoracic 
outlets, more than 90% had correlation between improved symp-
toms and normalization of their SSEPs.30 Increases of the sensitivity 
of these tests can be achieved with provocative maneuvers such as 
arm positioning, although these maneuvers can also cause SSEP 
changes in patients with no clinical evidence of TOS. Although neu-
rodiagnostic testing remains useful as exclusionary testing, its role 
in establishing the diagnosis of neurogenic TOS remains limited.

One diagnostic technique that has proven quite useful in sus-
pected TOS patients is anterior scalene muscle blockade. This is 
typically accomplished by injecting lidocaine into the anterior 
scalene muscle to induce muscle relaxation. Essentially this test 
simulates the decompression achieved with first rib resection and 
scalenectomy. It is therefore believed that symptomatic improve-
ment with blockade is predictive of a positive response to surgical 
intervention. Imprecise needle placement can contribute to false-
negative results of this test, as well as confound the problem by caus-
ing nerve injury or inadvertent somatic or autonomic denervation. 
Electromyogram with ultrasound or CT guidance can be used to  
localize the anterior scalene muscle, thus facilitating proper needle 
placement.

In a study by Jordan and Machleder, 122 patients underwent 
EMG-guided scalene blockade for a suspected diagnosis of TOS. 
Reduction in pain was then assessed with provocative maneuvers 
(generally the EAST); 38 patients went on to have surgical decom-
pression, 32 of whom had a positive result with muscle blockade. 
The 94% of patients who had a positive response to blockade had 
a positive long-term result with surgery, as opposed to only 50% of 
patients with a negative block.31

Beyond its utility as a predictor of good outcome following sur-
gery, lidocaine blockade does offer patients some transient relief 
while awaiting surgery. However, this effect rarely lasts beyond 
1 month. Some groups advocate botulinum toxin injection over 
lidocaine because of its longer duration of action. This is parti-
cularly useful in patients who may have a delay between scalene 
block and surgery. Jordan et al. also demonstrated in a cohort of 
22 patients that botulinum injection results in a 50% reduction of 
symptoms for a least 1 month in 64% of patients (mean duration 
of 88 days). This is in contrast to only 12% of patients with contin-
ued symptomatic relief beyond 1 month when receiving lidocaine 
alone.32

Finally, some centers advocate the use of duplex ultrasonogra-
phy to assess for the presence of TOS. To perform this test, provoc-
ative maneuvers in conjunction with color Doppler are used to 
assess blood flow velocities in the subclavian artery and vein. In 
theory, patients without TOS will have minimal velocity changes 
within the subclavian artery during varying degrees of abduction 
of the arm. If the patient's symptoms are related to TOS, one would 
expect to see velocity changes. First, as the artery becomes par-
tially compressed, velocity in the artery increases. Further abduc-
tion will worsen compression to the point where flow is diminished, 
and one should see a resultant decrease in velocities. Finally, with  

hyperabduction the compression may be so severe that the vessel 
becomes occluded, with cessation of flow. Recent data have given 
support to this modality. In a small cohort of patients suspected of 
having TOS on the basis of symptoms and physical examination, 
all patients demonstrated the anticipated hemodynamic changes 
described. With 120 degrees of abduction, mean peak systolic 
velocities increased greater than 50%. At 180 degrees of abduction, 
velocities were reduced below baseline values, and hyperabduc-
tion revealed absent flow in all patients for whom data were avail-
able. As anticipated, venous duplex revealed changes suggestive of 
venous compression, namely loss of atrial and respiratory dynamics, 
increased velocities, and increased turbulence.33 Although this study 
was underpowered to definitively establish duplex ultrasonography 
as a proven diagnostic modality in TOS, it does offer promising data. 
Validating studies should be conducted to further our understand-
ing of the role of ultrasound in TOS.

DIAGNOSIS OF VENOUS THORACIC OUTLET SYNDROME

In the TOS patient who presents with upper-extremity swelling,  
the diagnosis of axillosubclavian vein thrombosis is sug-
gested by the history and physical examination described earlier. 
Assessment of the venous system is usually initiated with nonin-
vasive duplex ultrasonography and dynamic phlebography (also 
see Chapter 12). Provocative positioning, such as external rotation 
and abduction, can increase the sensitivity of these tests. Other 
authors describe a two-position technique, with the arms fully 
adducted and then 90 degrees abducted. It is not clear at this time 
how useful magnetic resonance venography (MRV) is for axillo-
subclavian evaluation. It appears to have anatomical limitations 
similar to duplex ultrasonography, with poor quality of images in 
the retroclavicular space.

Many patients undergo a diagnostic venogram, which is the gold 
standard for thrombosis in this situation (Fig. 62-4). Occlusion of 
the axillosubclavian vein is readily identified with this diagnostic 
modality. Typically, patients will also have numerous venous collat-
erals not seen in normal individuals without thrombosis. Although 
this test confirms the diagnosis of venous thrombosis, the occa-
sional patient needs further clarification as to its cause. Neurogenic 
symptoms are usually not present, and one must often rely on 
exclusion of causes of venous thrombosis other than TOS in this 
situation.

DIAGNOSIS OF ARTERIAL THORACIC OUTLET SYNDROME

As discussed earlier, a number of symptoms and signs are a con-
sequence of arterial involvement in TOS. Thus the diagnostic algo-
rithm is not straightforward. A careful physical examination may 
be extremely helpful in patients with suspected arterial TOS. Pulse 
changes with provocative positioning, subclavian bruits, and blood 
pressure differentials between the extremities may be seen. The 
stress positions described previously can be used. Depending on 
the degree of arterial involvement, patients may have absence 
of a brachial pulse and/or radial pulse. Patients may initially be 
evaluated with digital plethysmography or upper-extremity  arterial 
duplex ultrasonography. Computed tomographic angiography 
(CTA) is also useful in detecting thromboembolic events in these 
patients. As experience has been gained with magnetic resonance 
angiography (MRA), this technique has also been applied with 
 utility. Arteriography remains the gold standard and is almost 
always required in this setting. When arterial compression is 
 suspected, attention should first be toward an arch study, which 
also includes the subclavian and axillary arteries more distally.

Frequently, arterial compression can be better visualized if the 
arm is abducted 90 degrees, and most studies are obtained with the 
arms in two positions (Fig. 62-5). When distal embolization is sug-
gested, the angiography should encompass the target sites, often 
requiring studies of the hand on the affected side. Provocative  
positioning (abduction) can be used in conjunction with angiog-
raphy to demonstrate arterial compression.
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Treatment of Thoracic Outlet Syndrome
In all likelihood, the vast majority of patients with neurogenic TOS 
go undiagnosed and thus receive no therapy. This reflects the 
range of severity inherent in the spectrum of symptoms associated 
with TOS. For those seeking medical intervention, it is clear that 
most have substantial improvement without operation. Although 
the numbers are controversial and dependent on the modalities 
used to make the diagnosis, more than 95% of patients avoid oper-
ation. Currently, considerable debate surrounds neurogenic TOS 
surgery, with several groups reporting no long-term benefit from 
operation versus physical therapy. Nonetheless, most surgeons with 
considerable experience with neurogenic TOS report good surgi-
cal results with properly selected patients.

For many TOS surgeons, referral patterns are such that patients 
have already undertaken unsuccessful conservative therapy before 
seeking further consultation. It is important for surgeons to be 
aware of this selection bias. It is also important to have an algo-
rithm for conservative treatment so that the correct patients are 
selected for operation. A minimum of 6 weeks of physical therapy 
is required before its effects can be evaluated. It is also important 
that the correct program be used because it has been recognized 
that inappropriate physical therapy can worsen TOS symptoms. 
In general, these programs are designed to relax muscle groups 
that tighten the thoracic outlet while conditioning those that open 
it. Aligne and Barral described a program in which the trapezius, 

levator scapulae, and sternocleidomastoid muscles are strength-
ened and the middle scalene, subclavius, and pectoralis muscles 
relaxed.34

Other nonsurgical interventions are available. Following the 
concept of diagnostic scalene blocks, attempts have been made 
at therapeutic blockade of the scalene muscles. Although ste-
roid injection has not been successful, temporary symptomatic 
relief with selective botulinum toxin injection can be employed 
successfully in those reluctant to pursue surgical intervention. 
Additionally, this technique may allow the patient to tolerate an 
extended period of physical therapy or other adjustments such as 
work-related ergonomic modifications.

SURGICAL TREATMENT

When a symptomatic patient who has sought treatment fails to 
improve with physical therapy, surgical intervention is warranted. 
Resection of the first rib and anterior scalenectomy can be per-
formed via either the transaxillary or supraclavicular approach. 
In our practice, we preferentially use the transaxillary approach 
owing to its excellent exposure of the first rib, minimal morbidity, 
and better cosmetic appearance. The patient is placed in the lat-
eral decubitus position, with the head neutral. No paralytic agents 
are used beyond short-acting agents for induction. Various devices 
are available for elevation of the arm on the operative side, all of 

A B

FIGURE 62-4 These two images clearly display compression of axillosubclavian vein when arm is placed in neutral position (A) and stressed abducted 
position (B). Images must be obtained with and without stress positioning to confirm diagnosis of venous thoracic outlet syndrome (TOS).

A B

FIGURE 62-5 Angiogram demonstrating occlusion of subclavian artery when arm is abducted (A) and resumption of flow when arm is returned to 
neutral position (B). Note presence of poststenotic dilation when arm is fully adducted.
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which should permit easy lowering of the extremity intermittently 
throughout the procedure to allow periods of increased arterial 
inflow and decreased tension on stretched nerves (Fig. 62-6). The 
incision is placed between the pectoralis major and the latissimus 
dorsi in the lower aspect of the axilla. Dissection is carried down 
to the chest wall, with care taken to identify intercostal brachial 
cutaneous nerves. These structures should be avoided and pre-
served when possible, but it is preferable to sacrifice them rather 
than leave them injured, thereby subjecting the patient to possible 
causalgic pain.

Deep dissection begins by bluntly exposing the external surface 
of the first rib. Using a periosteal elevator, intercostal muscle and 
soft-tissue attachments to the first rib are cleared (Fig. 62-7). The 
parietal pleura is then bluntly dissected away from the internal sur-
face of the first rib. The anterior surface of the first rib is cleared 
of soft tissue and middle scalene fibers, again using the periosteal 
elevator. Care is taken to not cut the fibers of the middle scalene. 
The long thoracic nerve often traverses the muscle in this region, 
and injury to the long thoracic nerve will result in a winged scap-
ula and is associated with significant long-term disability. Tissue is 

then cleared bluntly overlying the nerve, artery, and vein. The ante-
rior scalene muscle is now carefully separated from the subclavian 
vessels, and its attachment to the first rib is divided (Fig. 62-8). The 
subclavius tendon is also divided.

A rib shear is next positioned anteriorly over the rib, which is 
divided almost at the level of the costal cartilage. Care must be 
taken to avoid the subclavian vein in this location. Following clear-
ing of residual muscle and any fibrous attachments remaining, the 
rib is divided posteriorly just anterior to the brachial plexus. The 
rib is now free and is removed from the patient. Considerable care 
must be taken following removal of the rib to smooth the poste-
rior stump to prevent any subsequent T1 injury. At this point, any 
further encountered anomalies (fibromuscular bands, scalenus 
minimus muscles) should be resected. Cervical ribs are resected 
in a similar fashion to the first rib, requiring division of their attach-
ments to the middle scalene and intercostal muscles.

Before closure, irrigation is placed into the wound, and inspec-
tion is made for a pleural leak. In the presence of a leak, a small 
chest tube can be used for pleural drainage but is rarely needed. 
It can usually be removed the following day. A postoperative chest 
radiograph is obtained. Most patients are discharged home on 
postoperative day 1 or 2. Careful follow-up and physical therapy 
are also employed in the early postoperative period.

The supraclavicular approach for scalenectomy (with or with-
out first rib resection) is considered in three situations. The first is 
when the patient's symptoms are particularly suggestive of upper 
brachial plexus involvement (as opposed to the more common 
lower plexus). As described by Roos,35 it is reasonable to use an 
approach in which these nerves can be more directly decom-
pressed. The second situation is in patients who have undergone 
transaxillary operation but now have upper plexus symptoms. The 
third situation is a matter of preference when a surgeon feels the 
supraclavicular approach is as effective as and safer than the trans-
axillary operation. The first rib can also be resected as a compo-
nent of this procedure, although some argue that it cannot be done 
with the same margins as the transaxillary approach.

As with the transaxillary approach, no paralytics are used so 
that nerve function can be assessed intraoperatively. The patient is 
placed in the semi-Fowler position, with the head turned away from 
the operative side. An incision is placed two fingerbreadths above 
the clavicle, extending from the external jugular vein to the sterno-
cleidomastoid muscle. This muscle is subsequently mobilized medi-
ally, and the omohyoid muscle is usually transected. The scalene fat 
pad is carefully divided, taking care to avoid the underlying phrenic 
nerve. This nerve must be protected throughout the course of the 

FIGURE 62-6 Proper positioning of patient for transaxillary first rib 
resection. Although it is possible to perform procedures using an assistant to 
support ipsilateral upper extremity, customized retractor systems are the preferred 
method. There should be a mechanism for convenient intermittent lowering of 
arm to allow perfusion in a less stressed position during course of operation.

FIGURE 62-7 Clearing of soft tissue and intercostal muscle from first rib. 
Note anatomical arrangement of neurovascular structures within thoracic outlet, 
with vein, anterior scalene, artery, and nerve positioned from anterior to posterior.

FIGURE 62-8 Division of anterior scalene muscle. Care is taken to 
develop the tissue plane on either side of anterior scalene muscle to avoid injury 
to subclavian artery and vein.
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operation. Underlying the nerve is the anterior scalene muscle. This 
is divided inferiorly at its insertion on the first rib. There are usually 
adhesions between the muscle and the subclavian artery and bra-
chial plexus components that also must be freed. The origin end 
of the muscle is divided medially to expose the C5-C7 roots. The 
area between the C7 root and the subclavian artery is next cleaned, 
including the division of a subclavius minimus muscle if present. At 
this point, the five roots should be completely cleaned and tested 
using a nerve stimulator, although many surgeons have noted that it 
is often difficult to assess the T1 nerve root in this manner.

If the operation is to include first rib resection, the middle sca-
lene muscle must be divided. The rib is divided posteriorly and a 
finger used to dissect it from the pleura while elevating the divided 
end. The subclavian artery must be freed from the anterior portion 
of the rib before it is divided. It can then be carefully extracted.

Irrigation is placed in the wound to assess for pleural leak. If 
present, the soft closed suction drain can be positioned so that the 
tip drains the pleural space. Otherwise, the drain can be placed to 
drain the wound. Postoperative chest radiograph is obtained, and 
the patient is usually discharged home within 1 or 2 days.

A brief mention should be made here of some alternative sur-
gical approaches for patients with TOS. Some advocate for a tho-
racoscopic approach to rib resection and scalenectomy. Although 
offered at several centers, this procedure has not gained wide-
spread acceptance. Many question the stated benefits over 
the transaxillary approach.36 Also reported in the literature is 
 endoscopic-assisted transaxillary rib resection and scalenectomy. 
Again, this has not been demonstrated in any large series to be 
superior to the traditional approaches.

TREATMENT OF VENOUS THROMBOSIS

Venous occlusion at the thoracic outlet should be treated expedi-
tiously. Although this disease was historically treated with a conserva-
tive approach of anticoagulation and arm elevation, most therapeutic 
protocols now emphasize thrombolysis, anticoagulation, and sur-
gical decompression as the key components of  treatment. When 
patients present acutely, as is often the case, they should undergo 
catheter-directed fibrinolysis of the clot expeditiously. Currently, fibri-
nolytics such as alteplase and reteplase are used and have largely 
replaced streptokinase and urokinase, owing to improved safety 
profiles. Patients tend to respond better to thrombolytic therapy 
instituted within days of the onset of symptoms, but many may still  
benefit as far out as 4 to 6 weeks.37 Following thrombolytic therapy, 
patients should receive systemic anticoagulation.

Traditionally, clinicians would advocate for a 1- to 3-month period  
of anticoagulation following thrombolysis, prior to surgical inter-
vention. Previous work by Machleder and Kunkle demonstrated 
that this protracted time frame allowed for intimal healing of the 
damaged vein and reduction in the inflammatory response, thus 
facilitating a successful surgical outcome.38 In the modern era, most 
clinicians advocate for earlier surgical intervention in attempts to 
decrease the period of disability.39,40 Some authors even promote 
first rib resection during the initial hospitalization. Moreover, this 
approach has been demonstrated to be safe. Angle et al.41 recently 
reported a series of patients treated in this  fashion and noted no 
increased morbidity compared with patients with delayed opera-
tion. In particular, none of the theoretical concerns for bleeding 
following the use of thrombolytics were realized, nor were there par-
ticular technical problems secondary to the  thrombosis-mediated 
inflammatory response seen in these patients. In 2007, Molina et al. 
reported a series of 97 patients undergoing immediate surgical 
decompression following thrombolysis, with only one bleeding 
complication.42 Conversely, many suggest that early surgical inter-
vention minimizes the incidence of residual symptoms, postthrom-
botic syndrome, and rethrombosis.37,43

Although controversial, recent data published by our group sug-
gest that thrombolysis may not even be necessary. In a series of 110 
first rib resection and scalenectomies, the number of patent ves-
sels at 1 year was equal at 91% in patients undergoing  preoperative 

thrombolysis and those who only had anticoagulation.44 This 
needs to be validated by additional studies, but may further evolve 
the management approach to patients presenting with this disease 
in the future.

Beyond details outlined earlier for surgical treatment of TOS, it 
is important to emphasize a few points specific to venous TOS. 
Because venous compression commonly occurs within the costo-
clavicular aperture, it is imperative to adequately decompress this 
space. Complete lysis of the subclavius tendon is integral in this 
process. Furthermore, the first rib should be cut as far anterior  
as possible, well into the costal cartilage. Many advocate lysis of 
any fibrotic tissue surrounding the vein, although this may increase 
the incidence of a vein injury. Some authors even remove a por-
tion of the medial clavicle, although most clinicians do not 
advocate this aggressive approach.40 In some cases, the vein is 
so severely damaged that the only operative repair possible is a 
 jugular-subclavian bypass, although this is rarely undertaken.45

Following surgical intervention, most clinicians use routine 
venography to both diagnose and treat residual disease.39,46 
Angioplasty for residual strictures appears to work quite well after 
surgical decompression.41 Although enticing from a theoretical 
perspective, intravascular stenting for residual stenosis following 
angioplasty has been shown to be detrimental. Multiple authors 
report higher rethrombosis rates with stent placement compared 
to patients undergoing angioplasty alone.47–49

Most authors agree that anticoagulation is a key component in 
the treatment of venous TOS, but no consensus exists on the dura-
tion of anticoagulation following surgery. In most cases, patients 
who present to the vascular specialist after the diagnosis of venous 
TOS have already been placed on anticoagulation (usually in the 
form of warfarin). In our practice, patients discontinue warfarin 
and start low-molecular-weight heparin (LMWH) beginning 5 days 
prior to planned surgery. Low-molecular-weight heparin is then 
restarted 3 days post surgery. We routinely continue LMWH until 
a venogram is obtained 2 weeks after surgery. If the vein is patent 
and no intervention is required, anticoagulation is then discontin-
ued. If the vein is stenotic, thrombosed, or undergoes intervention 
in the form of angioplasty, LMWH is restarted as a bridge to warfa-
rin. At the 1-month follow-up visit, patients undergo duplex ultra-
sonography. In patients with evidence of complete thrombosis or 
increased velocity with EAST, anticoagulation is continued for an 
additional month. If the vessel appears widely patent, anticoagula-
tion is discontinued at that time.

TREATMENT OF ARTERIAL COMPLICATIONS  
OF THORACIC OUTLET SYNDROME

A number of arterial problems can arise from thoracic outlet obstruc-
tion, although they are not common. Therapy has to be tailored to 
the individual patient on the basis of severity and extent of arterial 
compromise. These patients are rare and varied in presentation, so 
no standardized algorithm has been established to guide therapy.

Most patients will present in a subacute fashion. Just as with 
the other forms of TOS, the mainstay of treatment is thoracic out-
let decompression. Most patients can safely undergo decompres-
sion with either the supraclavicular or transaxillary approach. The 
need for arterial reconstruction, however, dictates the approach 
and extent of exposure. Standard approaches are used, with a 
high anterior thoracotomy for proximal lesions on the left and 
a median sternotomy for proximal lesions on the right. For more 
distal lesions, various supra- and infraclavicular incisions may be 
used. Aneurysms or long-segment occlusions are typically treated 
with resection and graft reconstruction. Graft material is a matter of 
surgeon preference, but synthetic material, vein grafts, and arterial 
grafts all have been used with success in this position. Postoperative 
anticoagulation usually is not indicated, and patients tend to do 
well if the thoracic outlet is adequately decompressed and the ves-
sel is no longer subjected to trauma.

Various catheter-based approaches can be used in the manage-
ment of these patients. Focal areas of stenosis can be managed 
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successfully with angioplasty and stent placement. In patients 
presenting with peripheral embolization, as commonly occurs, 
catheter-directed thrombolysis may be of benefit. However, distal 
emboli are often chronic in nature and may be resistant to lysis. 
These cases pose unique challenges, and depending on severity, 
frequently require open mechanical thrombectomy or even distal 
arterial reconstruction.

An additional consideration in these patients is the presence of 
reflex sympathetic dystrophy, causalgia, or other autonomic dys-
function. Cervicodorsal or cervicothoracic sympathectomy may 
be helpful in these patients and can often be performed at the time 
of the arterial repair by standard approaches.

Outcomes for Thoracic Outlet Syndrome
For the majority of patients diagnosed with TOS, conservative 
management yields positive results. Following physical therapy 
and modifications to inciting activities such as work postures and 
repetitive motions, patients can experience a significant reduction 
or resolution of symptoms. However, for patients with more debil-
itating symptoms who have undergone surgical intervention, the 
long-term prognosis remains poorly defined. There have been a 
few recent outcome-based studies that do offer promising results.

In a recent series published by our group, quality-of-life (QOL) 
measures were prospectively assessed in both neurogenic and 
venous TOS patients using the short form (SF)-12 and DASH 
(Disabilities of the Arm, Shoulder, and Hand) instruments.50 Patients 
completed QOL surveys preoperatively and then at 3, 6, 12, 18, and 
24 months. Of an eligible 105 patients, 2-year follow-up data were 
available for 70 patients, with 44 subjects having neurogenic TOS. 
These patients were followed out to 2 years postoperatively, with 
promising results. At baseline, the physical component score of the 
SF-12 was the most notably decreased score, with a median of 33.8 
points. Postoperatively, this value increased on average 0.24 points 
per month over the 2-year follow-up period, with return to normal 
QOL for the physical component by 23 months on average. Notably, 
the return to normal quality for the mental component score was 
on average 12 months.50

For the venous TOS patients in the study, mean recovery period 
was notably shorter. Recovery to normal QOL occurred at a mean 
of 11 months for the physical component score and 8 months for 
the mental component score. Return to full activity or work in 
both groups occurred earlier than complete functional recovery 
(50% at 4 months and 77% at 5 months). Notably, fewer patients in 
the venous subset had return to full activity at 2 years (77%), since 
only 8% of patients were disabled or unemployed preoperatively. 
Reasons for this are unclear.50

In line with this study, Cordobes-Gual et al. similarly reported 
prospective results, also using the DASH instrument. A full 78% of 
neurogenic patients reported significant improvement in func-
tional status and reduction in symptoms over the study period. 
There was a significant reduction in mean DASH scores from 54 
preoperatively to 18 postoperatively at a mean follow-up interval 
of 40 months.51

Scali et al. also recently reported promising retrospective results 
on a small cohort of neurogenic patients. They noted a 91% reduc-
tion in the use of therapeutic adjuncts (e.g., narcotics, physi-
cal therapy, scalene blocks) following surgical decompression. 
Furthermore, patients’ self-assessment of functional status was 
rated as good or excellent in 68% of patients postoperatively, com-
pared to only 14% reporting a status of good or fair preoperatively.52

Despite these encouraging results, others have reported poorer 
outcomes. In a series of 254 procedures performed for neurogenic 
TOS, only 46% had a successful outcome after the first operation, 
defined as greater than 50% reduction in symptoms. Furthermore, 
80 patients underwent a repeat procedure for “failure,” with an  
overall secondary success rate of 66%. Of the failures, 89% occurred 
within 12 months of surgery.53 The reasons for variable success rates 
are unclear, but likely related to variability in patient selection, oper-
ative intervention, and lack of standardized outcome measures.

A study by Sharp et al. focused on patients’ ability to return to 
work following TOS surgery, noting that 80% of the patients in their 
study were able to do so, and that 85% of the patients subjectively 
described their outcomes as good to excellent.54 Employment and 
disability issues complicate outcomes in TOS. In the Washington 
State workers’ compensation study done by Franklin et al., 40% of 
postoperative TOS patients were still not working 2 years after their 
operations; this percentage was actually worse at 5 years (44%).28 
Interestingly, the conservatively treated patients in this study did 
better in this regard, although this was a retrospective study where 
the cohorts were not particularly well matched. Numerous other 
studies have shown worse outcomes when the patients have work-
related or legal issues related to their TOS.55

Other factors predicting outcome following TOS surgery have 
been studied. Trauma as the event precipitating TOS is associ-
ated with poor outcomes in several series, but not in others.56,57 
Preoperative depression has been linked to worse outcome as well. 
In a report by Axelrod et al., those patients with preoperative depres-
sion were more likely to have continued functional and vocational 
disability following operation.58 This study combined preopera-
tive and postoperative interviews, psychological evaluations, and 
patient examinations; overall, 67% subjectively reported good or 
average outcome. At an average of 47 months’ follow-up, 64% of 
patients were satisfied with their outcomes, and 69% reported they 
would undergo operation again if faced with the same symptoms. 
Eighteen percent of the patients considered themselves disabled.

In one of the largest series of TOS patients, Roos reported that in 
1844 transaxillary first rib resections, 90% of patients were able to 
return to performing tasks they had been unable to perform pre-
operatively. In addition, 97% said that they would recommend rib 
resection to other patients with symptoms from TOS. There was a 
5% recurrence, which was better than the 19% seen with scalenec-
tomy (although this was without rib resection).35 Green et al. also 
reported higher recurrence following anterior approach, although 
other authors have reported that the two approaches yielded 
equivalent recurrence rates.56,59

The prognosis for untreated axillosubclavian venous thrombo-
sis had been one of progressive disability. Recurrence rates of 58% 
to 75% have been reported for patients receiving only anticoag-
ulation.60,61 Following modern treatment protocols, most patients 
can expect an excellent functional recovery and can resume nor-
mal activities in a relatively short period of time. Urschel and Patel 
reported 96% of 506 patients experiencing a good to excellent 
response to the current treatment paradigm of early thromboly-
sis with prompt rib resection and scalenectomy.61 These promising 
results are of particular importance to this group of predominantly 
young and otherwise healthy patients. The most important factor 
is the time to treatment following thrombosis, with most treatment 
failures occurring if treatment is delayed. Feugier et al. reported 
that all treated patients were asymptomatic after an average follow-
up of 45 months.62 Long-term sequelae are not common if patients 
are treated expeditiously and if complete recanalization of the 
vein is achieved and the compressive rib is removed. If this cannot 
be accomplished, repeated venous problems occur, and these can 
lead to debilitating outcomes.

The prognosis for patients with arterial involvement in TOS is 
highly variable and depends on the pattern of disease. If the com-
pressive element of the process is removed, the principal issue 
affecting prognosis is the result of the arterial repair. The out-
comes of subclavian artery repairs generally mirror those of repairs 
done for other disease processes and are generally good.

May-Thurner's Syndrome
Presentation
May-Thurner's syndrome is the clinical condition caused by extrin-
sic compression of the left common iliac vein (CIV) by the right 
 common iliac artery (CIA). Typically the presentation of this syn-
drome involves left lower-extremity swelling, pain, or other signs of 
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venous  hypertension as a manifestation of deep venous thrombo-
sis (DVT).63,64 This condition usually manifests in early adulthood, 
and there is a female predominance. Children can develop May-
Thurner's syndrome, although this is infrequent.65,66 Interestingly, 
patients with a patent foramen ovale have experienced stroke as 
the first symptom of the syndrome, with occult pelvic deep venous 
thrombus crossing the foramen and traveling to the brain.67,68 
Pregnancy can also precipitate DVT in patients with this mechani-
cal finding, likely due to the added compression on the pelvic 
veins caused by a gravid uterus. Rupture of the left iliac vein has 
also been reported as an initial presentation.69

Pathophysiology
The right CIA crosses anterior to the left  CIV at the confluence with 
the aorta and vena cava. Mechanical compression of the left CIV 
can occur, with resultant left lower-extremity venous hypertension 
and thrombosis. However, mechanical compression of the left CIV 
is frequently identified in patients who are asymptomatic, thus 
calling into question the contribution of mechanical compression 
in the syndrome.70,71 Prothrombotic states have been implicated in 
the occurrence of this syndrome,72–74 and it is not known whether 
mechanical compression is the sole instigator of symptoms or if 
other factors are involved for most patients.

Diagnosis
Diagnosis can be delayed until symptoms persist or multiple 
thrombotic events occur, because computed tomography (CT) 
venography,75 MR venography,76 or conventional venography of the 
pelvis are needed to confirm the presence of May-Thurner's syn-
drome. Lower-extremity ultrasound frequently fails to confirm the 
diagnosis, especially in the setting of extensive iliofemoral DVT.77 
Although quite rare, right-sided and vena cava compression have 
also been reported.67,78–80

Treatment
Symptomatic extensive iliofemoral DVT in a young low-risk patient 
is treated with thrombolytic therapy with increasing frequency. If 
the lytic therapy is successful, completion venography would con-
firm the diagnosis of May-Thurner syndrome. Two options exist for 
relief of the mechanical compression. The traditional method is to 
perform an open surgical procedure where the right CIA is divided 
and transposed beneath the left common iliac artery.  The two ends 
of the artery are reanastomosed in an end-to-end fashion. Fibrous 
bands frequently cross the left CIV and attach to the underlying 
lumbar vertebra. These have to be divided sharply before the artery 
is reattached.

Endovenous stents for May-Thurner's syndrome have gained 
increasing popularity to avoid the laparotomy and arterial tran-
section required for the open procedure.81–85 Stents appear to have 
the radial force necessary to overcome the compression, and stent 
fractures from repeated trauma have not been reported. Stents are 
subject to migration and restenosis that may require reinterven-
tion.86 Stents are frequently deployed in the left CIV and extended 
into the vena cava. This placement can lead to thrombosis of the 
right iliac venous system. Endovascular treatment may be prefer-
able when patients presenting with acute complications due to 
May-Thurner's syndrome are also pregnant.87,88 No randomized tri-
als have been performed to compare endovenous stenting to open 
surgery, and treatment options are typically individualized for each 
patient.

Outcomes
Endovascular outcomes have been excellent, with reported ini-
tial technical success greater than 90% and an equally high rate 
of symptom resolution.82,83,89,90 Complications included mainly 
bleeding, usually related to administration of thrombolytic agents. 

Over an average of 2 years of follow-up, stent thrombosis occurs in 
approximately 10% of patients. Most of these stents are reopened 
using endovascular techniques.

Reports of open surgical procedures for May-Thurner's syn-
drome are scarce. Frequently the results are reported for a mix 
of clinical presentations including May-Thurner's syndrome. The 
Mayo Clinic has published two reports in the past 10 years.91,92 
These show secondary patency rates of 70% at 5-year follow-up. 
Most of these patients received surgical bypass or a hybrid pro-
cedure and had received other interventions before the surgical 
bypass was performed.

Nutcracker Syndrome
Presentation
Nutcracker syndrome is a clinical condition that results from 
venous hypertension of the left renal vein and its branches. When 
found radiographically in its asymptomatic form, it is referred to 
as nutcracker phenomenon. Both males and females are affected, 
with a slight female preponderance. Age of presentation is quite 
variable, but most commonly is young adulthood.93–95 There 
are many reports documenting childhood presentation.96,97 
Symptoms can include hematuria (micro- and macroscopic), 
orthostatic proteinuria, left flank pain, abdominal pain, left 
lower-extremity varicose veins, left varicocele (males), and pel-
vic congestion syndrome (females). Pelvic congestion syndrome 
symptoms include dyspareunia, dysuria, dysmenorrhea, vulvar 
varicosities, and vaginal tenderness. Children and adolescents 
with nutcracker syndrome frequently have associated medical 
problems that include urolithiasis,98 Henoch-Schönlein pur-
pura,99 immunoglobulin (Ig)A nephropathy,100 hypercalciuria,101 
and familial Mediterranean fever.102

Pathophysiology
The course of the left renal vein passes between the SMA and 
the aorta before emptying into the inferior vena cava (IVC). The 
gap between the SMA and the aorta is variable, and mechanical 
compression of the left renal vein can develop when the angle 
between the two arteries is too sharp. Acute weight loss, which 
diminishes the amount of mesenteric and retroperitoneal soft tis-
sue, can lead to shrinking of the angle between the aorta and SMA. 
However, acute weight loss is a variable of unpredictable impor-
tance; many patients with this problem do not experience anteced-
ent weight loss. Hypertension of the renal vein can cause hematuria 
and hypertension of the veins that empty into the left renal vein, 
which include the left gonadal vein. Retroaortic location of the left 
renal vein is also associated with nutcracker syndrome, with the 
left renal vein being entrapped between the aorta and the adjacent 
vertebral body. This is known as posterior nutcracker syndrome.103  
A left-sided vena cava can also lead to nutcracker syndrome.104

Diagnosis
Cross-sectional imaging that demonstrates left abdominal and 
pelvic venous hypertension can confirm the diagnosis of nut-
cracker syndrome. Ultrasound, CT, MRI, and traditional venography 
with pressure measurements have all been used for this purpose. 
Typically, demonstration of increased pressures distal to the area 
of compression is sought before invasive treatment is recom-
mended. Ultrasound findings suggestive of nutcracker syndrome 
include elevated peak systolic velocities in the aortomesenteric 
portions of the left renal vein as compared to the hilar portion, 
typically with a ratio of >5.105

Left renal vein acute angle (beak sign) and a diameter ratio of 
greater than 4.9 between the hilum and the aortomesenteric seg-
ment are CT findings that demonstrate the highest correlation with 
venographic pressure gradients.106 Computed tomography findings 
correlate with  proteinuria in children.107 Computed tomography 
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has also demonstrated usefulness when patients have a presen-
tation consistent with nutcracker syndrome where compression 
of the left renal vein is caused by unusual structures such as the 
splenic vein, pancreas, duodenum, and the right diaphragmatic 
cruz.108 Magnetic resonance fast-spin echo (FSE) T2-weighted 
imaging can demonstrate stagnant venous flow in the left renal 
vein and associated varicosities, potentially obviating the need for 
venography.109

Treatment
Conservative management has proven effective in selected 
cases.110,111 In particular, pediatric patients with minimal hematu-
ria may improve with further growth. Weight gain may also enlarge 
the aorto-SMA angle. For patients with concomitant medical prob-
lems that may induce acute weight loss, supportive treatment and 
attainment of weight gain may trigger spontaneous recovery. Use 
of angiotensin-converting enzyme (ACE) inhibitors has demon-
strated efficacy in pediatric patients for relief of proteinuria.112,113

For patients whose symptoms are too severe for conservative 
management, or for those who do not improve with conserva-
tive measures, a wide variety of percutaneous minimally invasive 
and open surgical techniques are available to address symptoms 
of nutcracker syndrome. A large number of surgical procedures 
have been employed for relief of left renal vein compression. These 
include left renal vein transposition (to an area lower on the vena 
cava),111,114 autotransplantation of the kidney,115,116 laparoscopic 
placement of external left renal vein stent,117 laparoscopic spleno–
renal vein bypass,118 laparoscopic left renal vein transposition,119 
and laparoscopic transposition120 and ligation121 of the left ovar-
ian vein. Synthetic bypass of the left renal vein has also been per-
formed.122 Rarely is nephrectomy indicated for this condition.

Endovascular stenting has also been performed and may be 
gaining in popularity.123–126 This treatment is controversial because 
many treated patients are very young, and the implanted stent must 
last for many years.

Interventions performed should be chosen to address the patient's 
specific symptoms. Varicocele and pelvic congestion symptoms 
can be addressed by gonadal vein embolization or open surgical 
and laparoscopic resection of the affected engorged venous struc-
tures. Treatment of the left renal vein in isolation frequently does not 
improve pelvic symptoms and secondary procedures are needed to 
address these symptoms directly.111

Outcomes
The rarity of nutcracker syndrome, fairly recent recognition of 
this entity, and the success of conservative management for some 
patients means that outcomes data from large series are  lacking. 
A few small reports regarding long-term outcomes following inter-
ventions for nutcracker syndrome do exist.94 Two series and two 
reviews for open surgical techniques document that the most 
frequently performed procedure is left renal vein transposi-
tion.93,111,127,128 Outcomes reported are excellent, with no mortality 
and minimal morbidity. Symptom resolution was seen in more 
than 80% of treated patients. Follow-up has been inconsistent but 
ranges over the course of many years. In certain instances, sec-
ondary procedures were needed for additional treatment of pel-
vic symptoms or recanalization of left renal veins that occluded 
after initial treatment. This rethrombosis occurred exclusively 
in patients with left renal vein occlusion at the time of initial 
presentation.111

Outcomes for stenting also show a very high rate of symptom 
resolution and similarly low rates of complications.127,129,130 No  
procedure-related deaths have been reported. However, two stents 
have embolized and required retrieval.127,130 Stent thrombosis and 
stenosis have also been reported.93 As with other endovascular 
modalities, left renal vein stenting offers a significantly shorter 
recovery time. However, more data are needed to determine the 
optimal treatment for nutcracker syndrome.

Popliteal Entrapment Syndrome
Presentation
Popliteal entrapment is a rare syndrome caused by congenital 
anomalous pathology of the popliteal artery and presents with 
claudication-like symptoms. Patients most commonly present 
in early adulthood, although the syndrome has been diagnosed 
in children.131,132 The most frequent symptom is unilateral lower-
extremity pain with exertion. This pain resolves within minutes of 
activity cessation. The physical examination is typically normal 
at rest. Provocative maneuvers, which include forced plantar and 
passive dorsiflexion, will cause diminution or loss of pedal pulses. 
The presentation may also be bilateral.133 If the syndrome has been 
long-standing, patients may present with total occlusion or aneu-
rysmal degeneration of the popliteal artery. Occlusion of the pop-
liteal artery aneurysm may cause significant ischemia.134,135 The 
popliteal vein is involved rarely in the entrapment, so below-knee 
DVT may be a presenting symptom as well.136,137 Functional entrap-
ment of the popliteal artery has also been reported and is seen in 
asymptomatic patients as well.138–140

Pathophysiology
The congenital anomalies seen in popliteal entrapment syndrome 
disturb the normal relationship between the popliteal artery and 
the muscular structures within the popliteal fossa.141 There are six 
distinct anatomical presentations of this syndrome (Box 62-1). The 
most common type (type I) causes the popliteal artery to traverse 
the popliteal fossa medial to the medial head of the normally con-
figured gastrocnemius muscle. This configuration results in com-
pression of the artery against the head of the tibia when the muscle 
contracts (typically during ambulation). One variant also causes 
entrapment of the popliteal vein either in combination with the 
artery or in isolation.

Diagnosis
MRI/MRA is the study of choice for popliteal entrapment syndrome 
owing to its excellent visualization of both the soft tissue and arte-
rial anatomy in this region. It is not only diagnostic but also provides 
enough anatomical information to facilitate operative planning.142–144 
Catheter-based angiography may also be performed, but forced plan-
tar or dorsiflexion may be required to demonstrate the abnormal-
ity, since flow may be normal in a neutral position145 (Fig 62-9).  
A medial course of the popliteal artery during angiography also 
suggests the diagnosis. In cases of suspected popliteal artery occlu-
sion, angiography may be necessary for operative planning of a dis-
tal bypass. Computed tomography angiography has also been used 
and studied for its utility in diagnosing popliteal entrapment syn-
drome.146,147 Like MRA, Computed tomography angiography demon-
strates both the vascular structures and soft-tissue relationships, ideal 
for confirming the diagnosis and planning treatment.148

Type i Popliteal artery deviates medial to medial head of normally 
configured gastrocnemius

Type ii Abnormally lateral insertion of medial head of gastrocnemius 
displacing popliteal artery medially

Type iii normal popliteal artery is compressed by accessory “slips” of 
gastrocnemius muscle

Type iV Compression of popliteal artery by popliteus muscle, nerve 
tissue, or fibrous bands

Type V Any of the above also involving compression of the popliteal vein
Type Vi Functional entrapment

Box 62-1 Types of Popliteal Entrapment
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Treatment
Open surgical repair is typically required to relieve the mechani-
cal compression. Prone positioning is commonly used, and an 
S-shaped incision is made over the popliteal fossa. Ligation of the 
offending muscular segments is usually tolerated with no subse-
quent loss of function. In instances where the entire medial head of 
the gastrocnemius muscle must be divided, it should be relocated 
and reattached to the tibial condyle. If indicated, arterial recon-
struction can easily be performed through this approach as well. 
For patients with short-segment disease, repair can be performed 
with resection of the affected segment, mobilization of the vessels 
distally and proximally, and construction of an end-to-end anasto-
mosis. If the affected segment is too long, thus precluding primary 
repair, reconstruction using an interposition saphenous vein graft 
should be performed.149

Endovascular treatment can include thrombolysis when throm-
bus is present and the clinical presentation is not advanced 
irreversible ischemia.150 Decompression of the mechanical com-
pression should be performed during the same hospitalization. 
Stenting the arterial abnormality is contraindicated, especially if 
decompression of the compression has not been performed.151,152 
In this circumstance, the stent is subjected to the same mechani-
cal trauma that produced the arterial injury, thus leading to stent 
fracture and the potential for further arterial injury. This 
approach may lead to a more substantial open repair (e.g., dis-
tal bypass) when decompression alone, with or without primary 
repair, may have sufficed.

Outcomes
Outcomes following intervention for popliteal artery entrapment 
syndrome depend significantly on the amount of vascular dam-
age that has been incurred prior to diagnosis. The rarity of the syn-
drome and the low index of suspicion for arterial insufficiency in 
this atypical patient population frequently delay diagnosis until 
significant arterial damage has occurred and signs of advanced 

ischemia are present. In these situations, complex repair may be 
required,153 and eventual limb loss may be unavoidable. When 
the syndrome is diagnosed in early stages, with symptoms of 
 claudication and no arterial occlusion, simple decompression of 
the offending musculotendinous structures should be curative.149

Cystic Adventitial Disease
Presentation
Cystic adventitial disease is a rare entity characterized by accumu-
lation of mucin within the adventitia, resulting in vascular compres-
sion. In its most common form, the cyst compresses the popliteal 
artery. However, many case reports demonstrate the occurrence 
of these cysts in other locations,154,155 sometimes resulting in com-
pression of veins156–159 instead of arteries. Presenting symptoms are 
typically those of unilateral claudication. Cases with bilateral cysts 
have been reported, which can result in bilateral symptoms.160,161 
Occasionally, acute occlusion of the popliteal artery may be the 
event causing someone to initially seek medical care.162 The age 
of presentation is younger than patients with lower-extremity ath-
erosclerosis, but more varied than patients with popliteal entrap-
ment.163,164 There appears to be a male predominance in patients 
with this disorder.165 The cyst is benign but has a tendency to recur. 
The quality of substance within the cyst is gelatinous.

Pathophysiology
The cause of the cyst remains unknown, but there are suggestions 
that they occur as mucin-producing cells relocate from an adja-
cent joint.164,166 There is also the possibility that the cyst communi-
cates directly with the synovium of the joint.167

Diagnosis
Cross-sectional imaging including ultrasound,168 CT,169 and MRI170,171 
are all useful in establishing the diagnosis of cystic adventitial dis-
ease by demonstrating the cyst in close proximity to the vascular 
structures being compressed. Catheter angiography can confirm 
arterial compression. Signs typical of cystic adventitial disease 
include a scalloped appearance of the artery wall.

Treatment
Treatment is directed at full resection or enucleation of the cyst, 
which also involves the artery wall. Revascularization is typically 
performed with a saphenous vein interposition graft where appro-
priate. Despite the goal of treatment being full resection of the 
cyst, they are known to recur. Alternatives to surgical resection 
and revascularization include aspiration of the cyst172 and aspi-
ration combined with introduction of a sclerosing agent into the 
cyst.173 Endovascular stenting in isolation has not been success-
ful in treating cystic adventitial disease,174,175 although treatment of 
recurrence with angioplasty alone has been reported.176

Outcomes
Determining outcomes of treatment for cystic adventitial disease 
is difficult owing to the rarity of this disease process. Most avail-
able literature consists of case reports. Long-term resolution has 
been reported with image-guided cyst aspiration.172 Small series 
(three patients) document good outcomes with surgical resec-
tion and revascularization.163,164

Median Arcuate Ligament Syndrome
Presentation
Median arcuate ligament syndrome (MALS) is a rare syndrome 
characterized by celiac artery compression by the diaphragmatic 
crura and median arcuate ligament. This syndrome is essentially 

BA

FIGURE 62-9 These two angiograms clearly show compression of 
popliteal artery with forced dorsiflexion of foot (A) and subsequent 
filling when leg is relaxed (B). Note presence of underlying disease in both 
affected segment of artery and runoff vessels.



767

CH 
62

VA
sC

u
lA

R C
o

m
PR

Essio
n

 sy
n

d
R

o
m

Es
a diagnosis of exclusion, so many patients have experienced 
 symptoms for many years before a diagnosis of MALS is estab-
lished. It presents at variable ages (adolescence to late adulthood), 
with a female preponderance.177–179 The most common symptoms 
are abdominal pain and weight loss. Vomiting is frequent, and an 
epigastric bruit is frequently present on physical examination. The 
pain can be episodic, postprandial, or constant. Exercise-related 
abdominal pain has also been reported.180 Recently the suggestion 
that MALS may be a familial syndrome has been made.177,181

Pathophysiology
The celiac artery is the first branch originating from the aorta in 
the abdomen. The celiac take-off forms a 90-degree angle with the 
aorta. In this location, it is susceptible to compression by the dia-
phragmatic crura during thoracic motion throughout respiration. 
The median arcuate ligament connects the two crura. This com-
pression can result in stenosis or occlusion of the celiac artery. In 
most patients, this is asymptomatic and can frequently be found 
incidentally.182,183 Symptoms may manifest in those patients who 
do not have adequate collateral flow from the SMA to carry the 
demand of the foregut structures. Some patients experience 
chronic pain, likely due to compression of neural structures sur-
rounding the celiac artery, and their symptoms are unrelated to  
visceral perfusion. Increased flow through the SMA can rarely lead 
to aneurysm formation or rupture in branches of the SMA.184–186

Diagnosis
Presenting symptoms for MALS are very nonspecific. As mentioned, 
celiac stenosis can be seen in asymptomatic patients. These two fac-
tors make it mandatory that these patients go through a thorough 
evaluation to eliminate other possible explanations for their symp-
toms.187–189 There is no standard battery of examinations, but any 
structural or functional abnormality of the upper abdomen should 
be evaluated and treated first. Following exclusion of other patholo-
gies, it is important to document the celiac artery stenosis or occlu-
sion. If the artery is not occluded, demonstrating that the stenosis 
varies with respiration is important to rule out other more  typical 

causes of celiac artery stenosis such as atherosclerosis.189 Some  
clinicians recommend injection of vasodilators190 during angiogra-
phy or measurement of gastric exercise tonometry191 as adjunctive 
diagnostic tools. The anatomy can be imaged using catheter angio-
graphy, MRI,192 CT,193–197 and ultrasound.198 Ultrasound has the advan-
tage of also providing information about flow through the celiac 
artery. When angiography is performed, images should be captured 
during both inspiration and expiration because the degree of celiac 
compression is worse during full expiration (Fig. 62-10). However, 
compression of the celiac axis during expiration can be demon-
strated in asymptomatic individuals and further underscores the 
challenge of establishing this diagnosis.

Treatment
Two primary goals must be addressed for treatment of MALS. The 
first is to divide the median arcuate ligament and all the dense 
fibrotic tissue that surrounds the celiac artery. This relieves 
mechanical compression on the artery. The second goal is to 
perform revascularization for patients who require this as well. 
Traditionally, both these steps are performed in one open surgi-
cal procedure. Less invasive interventional methods proliferated 
recently and have probably increased the number of patients with 
this disease who undergo treatment. Many publications have advo-
cated laparoscopic surgery to treat the mechanical compression 
by skeletonizing the celiac artery (removing all crural components 
and other investing tissue).189,199–204 If revascularization is needed, 
it is performed in a second endovascular or surgical procedure. 
Robotic surgery205 and retroperitoneal endoscopic release206 have 
also been utilized to treat MALS.

It is unclear when clinicians should perform revascularizations 
of the celiac artery. The most straightforward scenario would be an 
occluded celiac artery with minimal collateral flow and symptoms 
of  postprandial pain and weight loss. However, many patients pres-
ent with varying degrees of celiac stenosis that may not be flow-
limiting, a widely patent SMA, and symptoms that are not typical 
of intestinal malperfusion. With the increasing use of laparoscopic 
techniques to treat MALS, there is a corresponding increase in expe-
rience in patients where celiac revascularization is not performed.  

A B
FIGURE 62-10 Lateral angiograms of celiac axis in 
both inspiration (A) and expiration (B) demonstrate 
characteristic compression of artery.
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Some authors advocate decompression alone with minimally inva-
sive techniques, whereas others decompress and revascularize all 
or most patients immediately via an open approach.207,208

Rupture or aneurysm of an SMA branch associated with celiac 
stenosis or occlusion is extremely rare, and treatment of this is diffi-
cult. Patients may present with sudden and severe abdominal pain 
in hypovolemic shock. Endovascular embolization of this entity is 
preferable to open surgery184,185 because these aneurysms are very 
difficult to locate and expose surgically. Gastroduodenal branches 
are frequently involved, and definitive open surgery may include 
a pancreatic resection because of the rich collateral network of 
arteries in this location.

Outcomes
Patient selection is a key component of obtaining good outcomes 
for invasive treatment of MALS. Improvement in symptoms is 
unlikely if the original diagnosis is incorrect. Symptoms can recur 
even after initial improvement.206 Minimally invasive approaches 
to MALS are technically difficult and prone to bleeding compli-
cations, requiring conversion to an open procedure.189,203 However, 
when successful, laparoscopic approach to MALS reduces length 
of stay and significantly decreases recovery time. It also prevents 
future complications from a laparotomy.

Regardless of approach and procedures performed, most series 
show favorable outcomes. The majority of patients experience valu-
able symptom relief. There is generally limited morbidity and mor-
tality. One report documented that in a series of six patients with 
long-term follow-up, all patients would have the surgery again.209 
Contemporary management for this disease is still evolving, as is 
the ability to accurately recognize it. Future outcomes research will 
hopefully shed light on the ideal intervention for patients with this 
challenging and elusive disorder.
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Anomalous Venous Connections
An anomalous venous connection abnormally connects a  systemic 
or pulmonary vein to another venous structure or directly to the 
left or right atrium. The connections arise from failed development 
of normal embryological venous communications or persistence, 
lack of regression of normal embryological venous communica-
tions, or both.

Anomalous Pulmonary Venous Connections
Anomalous pulmonary venous connection refers to the absence of 
one or more pulmonary venous connections to the left atrium, with-
out reference to the subsequent drainage of the anomalously dis-
connected pulmonary vein(s). Total anomalous pulmonary venous 
connection (TAPVC) refers to the bilateral absence of a  connection 
of both pulmonary veins of each lung to the left atrium. The pul-
monary veins connect directly into the right atrium or into one of 
its tributaries. TAPVC is almost always associated with some type 
of atrial septal defect (ASD) for life to be sustained beyond the 
newborn period.1 Partial anomalous pulmonary venous connection 
(PAPVC) is the presence of connection of one or more—but not 
all—pulmonary veins to the right atrium or one of its tributaries. 
TAPVC is found in about 2% of autopsied cases with congenital 
heart disease and has a male predominance. PAPVCs constitute 
about 0.6% of autopsied cases of congenital heart disease.1 TAPVC 
is an isolated anomaly in two thirds of patients, and is associated 
with complex congenital heart disease in the remaining third, 
especially the heterotaxy syndromes (so-called isomeric TAPVC).

EMBRYOLOGY

In the human embryo, the lung buds and their pulmonary veins 
connect to the veins of the foregut, the splanchnic plexus. With 
growth, a new pulmonary venous channel, the primary pulmo-
nary vein, grows as a bulging of the left atrium. At the same time, 
the intrapulmonary veins lose their connections with the splanch-
nic plexus and fuse with the primary pulmonary vein. The intra-
pulmonary veins eventually form the four pulmonary veins and 
are absorbed into the left atrium (Fig. 63-1). Failure of severance of 
the connection between the intrapulmonary and splanchnic veins 
results in anomalous pulmonary venous connections that may be 
total, partial, bilateral, or unilateral.

The drainage site of pulmonary veins may be supradiaphragmatic 
or infradiaphragmatic (Fig. 63-2). When drainage is supradiaphrag-
matic, both lungs may drain into a confluence, which may then drain 
into the left innominate vein and the superior vena cava (SVC), or 
the supradiaphragmatic drainage may be directly into the left SVC,  
or indirectly to the SVC via azygos or hemiazygos veins1 (see Fig. 63-2 ).

Maternal exposure to environmental teratogens such as lead paint 
or pesticides has been described to cause a familial susceptibility for 
TAPVC, largely in the presence of a positive family history of cardiac 
and noncardiac anomalies.2,3 Familial total anomalous pulmonary 
venous return is most likely an X-linked inheritance and autosomal 
dominant with variable expression and incomplete penetrance. Until 
now, two candidate genes have been proposed. The TAPVR1 gene, 
playing a role in vasculogenesis, maps to 4q12, in which the centro-
meric regions contain receptor tyrosine kinase genes as a kinase 
domain receptor (KDR). Recently it has been shown that dysregula-
tion of the PDGFRA (platelet-derived growth factor receptor-α) gene 
causes PV inflow tract anomalies, including TAPVR.4

TOTAL ANOMALOUS PULMONARY VENOUS 
CONNECTION

The level of the anomaly relative to the heart or diaphragm clas-
sifies TAPVC. Type I denotes anomalous connection at the supra-
cardiac level; type II, anomalous connection at the cardiac level; 
type III, anomalous connection at the infracardiac level; and type 
IV, anomalous connection at two or more of those levels.5  
The common forms of TAPVC are illustrated in Figure 63-3. In a 
recent multicenter study6 from the United Kingdom, Ireland, and 
Sweden with a cohort of 422 liveborn cases, the frequency of supra-
cardiac TAPVC (type I) was 48.6%, infracardiac 26.1%, cardiac level 
15.9%, and mixed connections 8.8%. Two cases (0.5%) had common 
pulmonary vein atresia, and 60 (14.2%) had associated cardiac 
anomalies. Of the supracardiac TAPVC cases, 73.2% showed con-
nection to the innominate vein, 21% connected to various portions 
of the SVC, 2.9% connected to the azygos vein, and in 2.9% the con-
nection was unknown (undocumented or unable to determine). 
The majority of cardiac-type TAPVC cases demonstrated connec-
tion to the coronary sinus (86.6%), followed by connections to the 
right atrium at 11.9%, and no identified connection site in 1.5% of 
cases. In the case of infracardiac TAPVC, the majority of cases dem-
onstrated pulmonary venous connection to the portal system.6

Size of the ASD has been shown to relate to longevity in TAPVC; 
the larger the ASD, the longer the survival. Individual pulmonary 
vein size at diagnosis also is a strong independent predictor of sur-
vival in patients with TAPVC.7

Associated cardiac anomalies include transposition of the great 
arteries, small ventricular septal defects (VSDs),6 pulmonary atre-
sia, coarctation of the aorta (COA), and anomalies of systemic 
veins. There is a high frequency of TAPVC in patients with congeni-
tal heart disease and asplenia (heterotaxy syndromes). In a recent 
autopsy series of TAPVC associated with asplenia, anomalous pul-
monary venous connection to a systemic vein was total in 42 (58%) 
of 72 and partial in 2 (3%) of 72, with obstruction in 24 (55%) of 44.8

In patients with a widely patent foramen ovale or ASD, which 
allows free communication between the two atria and mixing of the 
venous blood, the flow of blood depends on the resistance in the 
pulmonary and systemic arterial circuits. In cases without pulmo-
nary venous obstruction, the resistance at birth is equal; therefore, 
the distribution of blood is equal between the pulmonary and sys-
temic circuits. However, within a few weeks of birth, the pulmonary 
resistance decreases, and a larger proportion of the mixed venous 
blood returns to the pulmonary circuit, resulting in a nearly three 
to five times greater pulmonary-to-systemic flow ratio of 3:1 to 5:1, 
and an equalization of oxygen saturation between the right and left 
heart. In the presence of pulmonary venous obstruction, there is ele-
vated pulmonary venous pressure that results in  pulmonary edema, 
a decrease in pulmonary flow, pulmonary hypertension (PH),  
right ventricular (RV) hypertrophy, and ultimately right heart failure.

The signs and symptoms, therefore, depend on the underlying 
hemodynamics—that is, presence or absence of pulmonary venous 
obstruction and the extent of mixing of blood between the right 
and left atrium. If interatrial mixing is inadequate, symptoms occur 
at birth or shortly thereafter. In TAPVC without pulmonary venous 
obstruction, patients are usually asymptomatic at birth, but at least 
50% become symptomatic within 1 month of life  (usually not in 
the first 12 hours of life). Once symptoms appear, however, they are 
rapidly progressive. Diagnosis may be established by angio graphy, 
echocardiography, or T1-weighted spin-echo  magnetic resonance 
imaging (MRI).9
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PARTIAL ANOMALOUS PULMONARY VENOUS 
CONNECTION

PAPVC is defined when one or more, but not all, pulmonary veins 
are connected to the right atrium or to a systemic vein. Usually 
only one lung or part of a lung is involved. The right pulmonary 
veins are six times more commonly involved than the left pulmo-
nary veins, and the upper lobes of the lung are more commonly 
involved than the lower. The left-sided pulmonary veins usually 
connect to the derivatives of the left cardinal system (i.e., coronary 
sinus and left innominate vein). The right pulmonary veins con-
nect to the derivatives of the right cardinal system (i.e., SVC and 
inferior vena cava [IVC]) or right atrium. The most common con-
nections are right pulmonary veins to SVC, right pulmonary veins 
to right atrium, veins of the right lung to the IVC, and left pulmonary 
veins to the left innominate vein.

The heart usually exhibits mild dilation and hypertrophy of the 
right atrium and ventricle, with dilation of the pulmonary artery. 
The left-sided chambers are normal. Usually, ASD accompanies 
PAPVC; conversely, 9% of cases of ASD have PAPVC. In the case of 
the right pulmonary vein connecting to the SVC, the right upper and 
middle lobe veins connect to the SVC. The vein of the right lower 
lobe usually enters the left atrium but may connect to the right 
atrium. The lower part of the SVC, below the azygos vein and above 
the right atrium, is dilated approximately twice the normal size. Most 
cases have associated ASD of the sinus venosus type, but occasion-
ally a secundum or, rarely, a primum ASD may occur (Fig. 63-4).

Associated cardiovascular defects are common, occurring in up 
to 80% of patients.10 Major cardiac anomalies are found in about 
20% of cases and include tetralogy of Fallot, VSD, single ventricle, 
COA, transposition of the great arteries, and hypoplastic left heart 
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syndrome. Indications for surgery for isolated PAPVC include  
pulmonary-to-systemic flow ratio of over 2.0.10

When all right pulmonary veins drain the right middle and lower 
lobes and enter the IVC, either above or below the diaphragm, the 
pattern of the pulmonary veins is altered, giving a “fir tree” appear-
ance (see Fig. 63-4). This malformation is called scimitar syndrome, 
as initially described by Chassinat in 1836,11,12 and derives its name 
from the shape of the anomalous vein on chest radiographs.13 
Classically, this syndrome is associated with right lung anomalies, 
dextrocardia of the heart, hypoplasia of the right pulmonary artery, 
and anomalous connection between aorta and right lung. In the 
European Congenital Heart Surgeons Association (ECHSA) multi-
center study, 65% of patients also presented with secundum-type 
ASDs, and 16% had a concomitant VSD.14

In connection of left pulmonary veins to the left innominate vein, 
the veins of the left upper lobe or the whole left lung connect to the 
left innominate vein via the vertical vein. Atrial septal defect of the 

 secundum type usually is present, and the septum is rarely intact 
(see Fig. 63-4). Other sites of PAPVC are the left pulmonary veins 
draining into the coronary sinus, IVC, right SVC, right atrium, or left 
subclavian vein. In rare cases, veins of both lungs drain anomalously, 
but a small segment of the pulmonary venous system drains nor-
mally. That condition has been termed by Edwards subtotal anoma-
lous pulmonary venous connection.

Cor Triatriatum
Cor triatriatum is a relatively rare cardiac anomaly (0.4% of autop-
sied cases with congenital heart disease, ratio of males to females 
1.5:1).15 In this condition, the pulmonary veins enter an acces-
sory chamber lying posterior to the left atrium and joining the left 
atrium through a narrow opening. The following broad classifica-
tion has been suggested by a number of authors16,17:
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FIGURE 63-3 The most common patterns 
of circulation in total anomalous pulmon
ary connection (TAPVC). A, TAPVC to left 
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TAPVC to coronary sinus. C, TAPVC to right 
atrium. Right and left pulmonary veins usually 
enter right atrium separately. D, TAPVC to 
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vein; SV, splenic veins; SVC, superior vena  
cava; V V, vertical vein. (Reproduced with 
permission from Lucas RV, Krabill RA: Anomalous 
venous connections, pulmonary and systemic. 
In Adams FH, Emmanouilides GC, editors: 
Moss’ heart disease in infants, children and 
adolescents, ed 4, Baltimore, 1989, Williams & 
Wilkins, p 580.)
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1. Accessory atrial chamber that receives all pulmonary veins and 
communicates with the left atrium; no other connections (classic 
cor triatriatum).

2. Accessory atrial chamber that receives part of pulmonary 
veins and does not communicate with left atrium.

3. Subtotal cor triatriatum:
a.  Accessory atrial chamber that receives part of the pulmonary 

veins and connects to the left atrium.
b. Accessory atrial chamber that receives part of the pulmonary 

veins and connects to the right atrium.
Physiologically, when blood from the accessory atrial chamber 

drains into the right atrium, the hemodynamic features are those 
of TAPVC. A stenotic opening between the accessory atrium and 
the left atrium, however, results in features of severe pulmonary 
obstruction. In subtotal cor triatriatum when obstruction affects 
only one lung, the result is reflex pulmonary arterial obstruction 
with decreased flow through that portion of the lung. The rest of the 
unobstructed lung receives increased flow, but there is no eleva-
tion in pulmonary arterial pressure (PAP).17

The classic cor triatriatum patients have onset of symptoms in 
the first few years of life. Patients usually have history of breathless-
ness and frequent respiratory infections. Right heart failure is usu-
ally present along with signs of pulmonary hypertension. Surgery 
has been advocated as early as the neonatal period,18 and balloon 
dilation may be successful in older children.19

Some patients remain asymptomatic until adulthood20 or may 
present with sick sinus syndrome in advanced years.21 In adults, 
clinical features on presentation can mimic those of mitral  stenosis 

because of the obstructive properties of the membrane22; they 
include dyspnea with increased pulmonary capillary wedge pres-
sure (PCWP) on exertion.23 As with other anomalies of the pulmo-
nary venous system, associated anomalies may occur, including 
atrioventricular septal defect.24

Pulmonary vascular changes in cor triatriatum are progressive 
medial thickening and intimal fibrosis in pulmonary arteries and 
veins, accompanied by lymphangiectasia. In contrast to persis-
tent left-to-right shunts, no plexiform lesions or more advanced 
stages of pulmonary vascular disease occur, which may explain 
the reversibility of PH due to congenital pulmonary venous 
obstruction.25

Congenital Stenosis of Pulmonary Veins
Congenital pulmonary vein stenosis is often associated with other 
anomalies, such as anomalous connections, cor triatriatum, and 
VSDs.26 The isolated form generally comes to clinical attention 
because of symptoms related to pulmonary hypertension.27 In its 
most severe form, congenital pulmonary vein stenosis is a progres-
sive disease with rapid PH and rare survival beyond the first year 
of life.28

There are two types of stenosis of pulmonary veins. One is local-
ized stenosis of the pulmonary veins at the junction of the left atrium, 
which may involve one or more pulmonary veins; the other is char-
acterized by narrowing of the lumen of the pulmonary vein, either 
intra- or extrapulmonary in location, and is called hypoplasia of the 
pulmonary veins. The latter type is occasionally present in patients 
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with pulmonary artery atresia or hypoplastic left heart  syndrome. 
Clinically, patients have a history of  respiratory  symptoms, which may 
progress to right heart failure. Because of poor  surgical results, bal-
loon angioplasty and stenting currently are being evaluated as non-
invasive treatments for pulmonary artery stenosis. In the most severe 
forms, lung transplantation appears to be an important option.28

Anomalous Systemic Venous Connections
Anomalous systemic venous connections, especially persistent left 
SVC, are usually asymptomatic and of little functional significance 
because systemic venous flow to the right atrium is not impaired. 
However, if they are not recognized, systemic venous anomalies 
may be accidentally severed during cardiac surgery. A classifica-
tion based on embryological principles includes anomalies of the 
cardinal venous system, anomalies of the IVC, and anomalies of 
the valves of the sinus venosus.16

Anomalies of the cardinal venous system include persistent left 
SVC; persistent left SVC connecting to the right or left atrium, with 
and without failure of development of coronary sinus; right SVC 
connected to the left atrium; and anomalies of the coronary sinus. 
Anomalies of the IVC include double IVC, left IVC, and many lesser 
anomalies that are usually of no clinical significance, except that 
they may present problems to the surgeon.29,30 Infrahepatic inter-
ruption of the IVC with drainage via the enlarged azygous vein 
to the SVC has been found to occur in 2.9% of congenital heart 
defects.16 Anomalies of the valves of the sinus venosus involve 
the eustachian and thebesian valves and crista terminalis. Minor 
abnormal persistence results in larger valves and a Chiari network. 
Large outgrowth of the valve of the sinus venosus may result in 
complete or partial subdivision of the right atrium.

As with anomalous pulmonary veins, anomalous systemic 
venous return is a hallmark of the heterotaxy syndromes,  especially 
asplenia. In a recent autopsy review of 72 cases of asplenia, the SVC 
was bilateral in 51 cases (71%) and unilateral in 21 (29%). In nine 
cases of bilateral SVC, one of the SVCs was partly or totally atretic. 
Although the IVC was never interrupted, a prominent azygos vein 
was found in six cases (8%). An intact coronary sinus was rare.8

Cor Triatriatum Dexter
Cor triatriatum dexter is an unusual cardiac abnormality with divi-
sion between the sinus and primitive atrial portions of the right 
atrium. Symptoms in adults with isolated cor triatriatum dexter 
include lifelong exertional cyanosis and dyspnea.31

Congenital Coronary Artery Anomalies
The incidence of coronary artery anomalies is between 0.46% and 
1.55% in angiographic series and 0.3% in autopsy series. The major 
anomalies will be discussed briefly.

Anomalous Left Main Coronary Artery
The most common coronary anomaly resulting in clinical symp-
toms is an aberrant left main coronary artery arising in the right 
coronary sinus of Valsalva. There is a male/female ratio of 4:1 to 9:1. 
Sudden death occurs in up to two thirds of individuals with this 
anomaly, 75% of which occur during exercise.32 Most patients are 
adolescents or young adults, although death may occur as young 
as 1 month of age. There are often premonitory symptoms of syn-
cope or chest pain, but stress electrocardiograms (ECGs) and stress 
echocardiograms are often negative.

Pathologically, there are several variants to this anomaly. The 
 common feature is the presence of the left main ostium within 
the right sinus. This ostium is typically near the commissure, and in 
some cases actually lies above the commissure between the right 
and left sinuses. Often the ostium is somewhat malformed and slit-
like, and an ostial ridge is present. The proximal artery lies within the 
aortic media and traverses between the aorta and pulmonary trunk.

The pathophysiology of sudden death in patients with aberrant 
left main coronary artery may be related to compression of the 
left main by the pulmonary trunk and aorta, diastolic compression 
of the vessel lying within the aortic media, and poor filling during 
diastole because of ostial ridges or slitlike ostia.

Anomalous Right Coronary Artery
In contrast to anomalous left main coronary artery, anomalous 
right coronary artery from the left sinus is usually an incidental 
finding, although up to one third of patients may die suddenly. 
In the majority of cases (67%), the anomalous vessel courses 
between the aorta and pulmonary trunk, with the remainder usu-
ally coursing posterior to the aorta.32 Almost 50% of sudden deaths 
are exercise related, and most deaths occur in young and middle-
aged adults (<35 years).

Grossly, there are two ostia located in the left sinus of Valsalva. 
The ostium supplying the right coronary artery may have features 
similar to anomalous left ostia located in the right sinus. Namely, 
there may be upward displacement, location near the commissure, 
and slitlike ostia with ostial ridges. The proximal anomalous right 
coronary generally also courses between the aorta and pulmonary 
trunk. The pathophysiology of sudden death is similar to that of 
anomalous left coronary artery, and like that anomaly, evidence 
of acute or remote ischemia in the ventricular myocardium is not 
often found.

Anomalous Left Circumflex Artery
Anomalous left circumflex artery is the most common anomaly of 
the origin of a coronary artery, accounting for 28% of anomalies 
identified by cardiac catheterization and with an incidence of 1 in 
300.33 This anomaly is considered benign. Awareness of this anom-
aly is important during cardiac surgery to avoid problems with 
myocardial protection or during prosthetic valve replacement.

Origin from Pulmonary Trunk
The left main coronary artery arises from the pulmonary trunk 
in 1/50,000 to 1/300,000 autopsies. Most cases are identified in 
the first year of life, and sudden death occurs in approximately 
40% of cases. In a minority of cases (≈20%), sufficient myo-
cardial collaterals develop from the normally structured right 
coronary artery, enabling potential survival into adulthood. In 
these cases, a continuous murmur may be present with other 
symptoms including angina pectoris, myocardial infarction 
(MI), dyspnea (MI), and syncope. Sudden death usually occurs 
at rest, but may occur after strenuous activity in older children. 
Pathologically, the aberrant artery arises in the left pulmonary 
sinus in 95% of cases. Typically, the artery appears thin-walled 
and veinlike, and the right coronary artery, although normal in 
location, is tortuous.

Angiographic and Other Imaging in Diagnosis  
of Anomalous Coronary Arteries
Angiographically identifying an anomalous right or left main coro-
nary artery from the contralateral coronary sinus depends on the ves-
sel's course between the aorta and pulmonary trunk. This particular 
course is angiographically distinct in the right anterior oblique pro-
jection when the left main forms a cranial-posterior loop (Fig. 63-5). 
An alternative method is to perform simultaneous pulmonary and 
coronary arteriography, or more practically, insert a pulmonary 
artery catheter as an angiographic marker for the location of the 
pulmonary vessels, and then perform an angiogram of the aberrant  
coronary artery in the steep anteroposterior caudal projection.

Standard two-dimensional (2D) echocardiography has been used 
as a screening procedure for coronary anomalies in athletes. An 
echocardiographic screening study of 3650 athletes found 3 cases 
of anomalous right (n = 2) and left (n = 1) coronary artery from 
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the contralateral aortic sinus.34 However, the specificity of transtho-
racic echocardio graphy (TTE) is insufficient for this test to serve as 
an accurate screening tool.35 Alternative noninvasive procedures in 
the case of inadequate screening echocardiograms include trans-
esophageal echocardiography (TEE) and the recent use of three- 
dimensional coronary magnetic resonance angiography (3D-CRMA). 
In one study, 3D-CRMA confirmed the anomalous origin of coronary 
arteries in 8 out of 15 (53%) pediatric cases, without the use of con-
trast medium or β-blockers, which could prove advantageous in the 
evaluation of younger patients.36

Malformations Affecting the Great Vessels
Coarctation of the Aorta
Coarctation of the aorta occurs as a congenital narrowing of the 
aortic arch, either as a discrete narrowing or one of some length 
that is usually located adjacent to the junction of the ductus arte-
riosus.37 The obstruction may be in the form of uniform tubular 
narrowing of some part of the aortic arch system, usually the isth-
mus (which lies between the left subclavian artery and the ductus 
arteriosus) or as a shelflike coarctation within the arch (Box 63-1). 
The latter is the more common of the two lesions. The narrowing 
may vary in severity but becomes significant only when there is a 
pressure gradient across the area of narrowing. That usually occurs 
when there is greater than 50% cross-sectional area reduction, but 
there may be lesser narrowing for tubular coarctation.

INCIDENCE

Isolated COA is the fifth or sixth most common anomaly of all the 
congenital heart diseases, with estimates of 1 in 3000 to 4000 live 
births.38–41 In the New England regional study of congenital heart 
defects, COA accounted for 7.5% of anomalies in infants younger 
than 1 year of age.42 That may be an underestimation, since COA 
in newborn infants may not be detected because of similar blood 
 pressure in the upper and lower extremities.43 The male-to-female 
ratio is 1.74:1.44 In older patients with isolated COA, the incidence is 
also higher in males. Most cases of COA appear to be sporadic, with 
no evidence of a mendelian pattern of inheritance.38 However, con-
genital heart disease has been reported in approximately 4% of the 
offspring of female COA patients.40 In addition, a recent nonparamet-
ric linkage analysis suggests a genetic basis for a subset of COA cases. 
McBride et al. demonstrated possible susceptibility loci on chromo-
somes 2p23, 10q21, and 16p12 in a cohort of 289 individuals from 
43 separate families.40,45 Coarctation of the aorta is the most com-
mon cardiovascular defect found in Turner's syndrome. Noncardiac 
abnormalities that have been reported with COA are hypospadias, 
clubfoot, and ocular defects.44

PATHOLOGY

The severity of luminal narrowing in the region of the coarctation at 
autopsy reveals 42% severe (pinhole) stenosis, 25% atresia, and 33% 
moderate narrowing in individuals 2 years of age and older.46 In 
cases of COA containing a contraductal shelf, there is an  infolding 

ANGIOGRAPHIC APPERANCE OF CORONARY ARTERY ANOMALIES

Courses of anomalous left main coronary artery

Anomalous right coronary artery from the left coronary sinus
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FIGURE 63-5 Development of 
coronary arteries. Top, Movement of 
the proepicardial organ (PEO) to and 
over the heart. Bottom, Mesenchymal 
migration and differentiation. The PEO 
(blue) is seen as an outgrowth from 
the dorsal body wall that moves to the 
looping heart (red). Next, migrating 
epithelium is seen spreading over the 
heart. In cross-section, the epithelium 
is seen as a single cell layer. Epithelial/
mesenchymal transition provides cells 
that migrate into the myocardium. 
Vasculogenic cell differentiate and 
link to form plexi that induce other 
mesenchymal cells to become 
smooth muscle. These plexi are 
remodeled into definitive arteries, 
and the most proximal points of the 
major coronaries finally link up with 
the aorta. (Reproduced with permission 
from Reese DE, Mikawa T, Bader DM: 
Development of the coronary vessel 
system. Circ Res 91:761–768, 2002.)
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of the aortic media into the lumen located opposite the ductus arte-
riosus, marked on the adventitial side by a localized  indentation 
like a waist in the aortic wall.47 The aorta distal to the coarctation 
shows poststenotic dilation, and the wall of the aorta is thinner, 
whereas proximally where the pressure is higher, the wall is thicker. 
The shelf of the coarctation may be pre- or postductal, but most 
often is juxtaductal.48 Flow patterns in the fetus with various con-
genital defects determine the development of the aortic isthmus. 
In a normal fetus, the level of blood flow across the aortic isth-
mus is lower (25% of the combined total ventricular output) than 
after birth; therefore, the aortic isthmus at birth is narrower than  
the descending thoracic aorta.48 In congenital heart disease with 
reduced pulmonary arterial flow (pulmonary stenosis), the dia-
meter of the isthmus is wider than normal because it carries greater 
flow in the fetus, and coarctation is virtually unknown. In lesions 
interfering with left ventricular (LV) outflow (mitral and aortic 
stenosis), the aortic isthmus is underdeveloped. When localized 
juxtaductal coarctation is present, aortic obstruction is not present 
during fetal life, but when the ductus arteriosus begins to close at 
birth, obstruction will appear after birth.49 The ductus closes from 
the pulmonary end; obstruction of the aortic end and a gradient 
across the coarctation may be delayed.

The ductal tissue itself plays an important role in the mechanism of  
coarctation formation. Normally, ductal tissue, composed mostly of 
smooth muscle cells (SMCs), extends only partially around the cir-
cumference of the aorta. In a patient with left-sided obstruction, 
there is right-to-left flow through the ductus in utero. This results in 
the migration of ductal tissue into the adjacent aortic wall, result-
ing in a circumferential distribution.48 Ho and Anderson, using a 
serial section technique, have confirmed that ductal tissue com-
pletely surrounds the juxtaductal aorta such that “the ductal and 
descending aorta form a common channel of structural continuity, 
and the isthmus enters this channel” rather than the ductus enter-
ing the isthmus descending aortic region.50,51

COLLATERAL CIRCULATION

Olney and Stephens and Bahn et al. have reported that  collateral 
circulation in infants who die with coarctation is poorly devel-
oped52,53 (Fig. 63-6). Bahn et al. noted that this depends on the 

 location of the coarctation in relation to the ductus arteriosus; if the 
blood from the ductus enters the aorta proximal to the coarctation 
(preductal), then collateral circulation will develop53 (Fig. 63-7). If 
the ductal blood flow enters below the coarctation (postductal), 
however, there is little stimulation during fetal life for development 
of collateral circulation. In that situation, postnatal closure of the 
ductus results in obstructive hypertension and hypovolemia, which 
together result in LV failure.

The collateral circulation in COA between the proximal aorta 
and the distal aorta usually is present to some extent at birth but 
develops further as the patient ages. Collateral circulation pri-
marily involves branches of both subclavian arteries, especially 
the internal mammary, vertebral, costocervical, and thyrocervi-
cal trunks, which carry blood to the lower limbs, usually through 
the third and fourth intercostal arteries and subscapular arteries. 
The subclavian arterial branches become greatly enlarged and 
are responsible for the classic signs of coarctation, such as rib 
notching, which extends from the third to the eighth rib, and par-
ascapular pulsations.37,54,55 Collateral circulation also reaches the 
lower limbs through the internal mammary to the superior epi-
gastric, which in turn  connects with the inferior epigastric and 
joins the iliac arteries. The anterior spinal artery may provide 
additional collateral channels through its communication with 
the vertebral arteries above the coarctation and with intercostals 
and vertebral arteries below the coarctation.37,54

Development of good collateral circulation and clinical mani-
festations vary depending on the presence of stenosis of the left 
subclavian artery, which is an important source of collateral circu-
lation; rib notching is seen only on the right side. If the right subcla-
vian artery arises as a fourth branch and is distal to the coarctation, 
it is not a source of collateral flow, and rib notching occurs only on 
the left side.38

ASSOCIATED CONDITIONS

Coarctation of the aorta is commonly associated with bicuspid aor-
tic valve (BAV), but the exact incidence remains speculative (27%-
46%).51,56 Among 250 patients with COA studied by Tawes et al.,56 
bicuspid valve disease was present in 32 (13%). The most common 
lesion is stenosis and, unusually, incompetence, which occurs on 
the basis of bicuspid valve with persistent hypertension.57

Box 631 Classification of Coarctation of Aorta

Discrete Coarctation of Aorta (COA)
Coarctation distal to ductus arteriosus:

With closed ductus
With patent ductus

Coarctation proximal to ductus arteriosus:
With closed ductus
With patent ductus

Coarctation with anomalies of subclavian arteries or aortic arches:
Atresia or stenosis of left subclavian artery
stenosis of right subclavian artery
Anomalous origin of right subclavian artery:

distal to coarctation
Proximal to coarctation

double aortic arch with stenosis of right and coarctation of the left
Coarctation of unusual locations

Proximal to left subclavian artery:
With normal branches
With anomalous origin of right subclavian artery

At multiple sites
of lower thoracic

Tubular Hypoplasia (Isolated or Coexistent  
with Discrete COA)
involving aorta beyond the origin of innominate to the origin of ductus 

arteriosus
involving only part of the segment of the aorta

modified from JE Edwards: Congenital malformations of the heart and great vessels. in  
gould sE, editor: Pathology of the heart and blood vessels, ed 3, springfield, ill., 1968, Thomas, 
pp 391–454.

FIGURE 63-6 Coarctation of the aorta (COA). Coarctation causes severe 
obstruction of blood flow in descending thoracic aorta. Descending aorta 
and its branches are perfused by collateral channels from axillary and internal 
thoracic arteries through intercostal arteries. (Reproduced with permission from 
Brickner ME: Congenital heart disease in adults. N Engl J Med 342:256–263, 2000.)
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There is a high incidence (85%) of major cardiac defects associ-
ated with COA in neonates48; and infants aged 1 to 11 months, how-
ever, the incidence drops to 52%. After 1 year of age, the incidence 
drops further to 40% (excluding bicuspid valve), as reported by 
Kirklin and Barratt-Boyes.57 Infants undergoing operation in the first 
3 months of life have a 60% incidence of other congenital cardiac 
anomalies, compared to 25% of those between 6 and 12 months.57

Patent ductus arteriosus (PDA) is present in virtually all neonates 
and is considered part of the coarctation complex.57 Ventricular 
septal defect occurs in 30% to 36% of cases of COA.38,54 Coarctation 
of the aorta in transposition of the great arteries occurs in 10%, and 
ASD in 6% to 7%.58 Mitral valve disease, which causes mitral steno-
sis and regurgitation, is present in fewer than 10%.58

COMPLICATIONS

Aortic rupture usually occurs in the second or third decade and 
normally involves the ascending aorta, with resultant tamponade. 
Aortic rupture also may occur distal to the coarctation where the 
aorta is thin and dilated (poststenotic dilation).57 Some ruptures 
may be accompanied by aortic dissection.57 Women with coarcta-
tion are at high risk of aortic dissections during pregnancy. Stroke, 
as reported by Liberthson et al., usually occurs in older patients: 
older than age 40, 21%; age 11 to 39, 8%; and younger than age 11, 
less than 1%.58 The main cause is usually rupture of a congenital 
berry aneurysm in the circle of Willis and is secondary to the pres-
ence of hypertension.59

Aortic Arch Anomalies
Malformations of the aortic arch are a complex group of lesions first 
described in the 18th century. Classification of the aortic arch mal-
formations is presented in Box 63-2. Vascular ring is the broad term 
used to describe an aortic arch malformation in which the  trachea 
and esophagus are compressed. The first clinical  description of 
tracheal and esophageal compression by a double aortic arch is 
credited to Wolman in 1939.60

INCIDENCE

The true incidence of aortic arch malformations and vascular rings 
is difficult to determine because so many lesions are asymptom-
atic. Congenital heart defects involving the outflow tract, aortic 

arch, ductus arteriosus, and pulmonary arteries account for 20% 
to 30% of all congenital heart defects.61 The incidence of vascu-
lar rings is thought to be approximately 1% of congenital heart 
disease. Conotruncal malformations, including interrupted aortic 
arch and isolated anomalies of the aortic arch, are included in the 
constellation of findings in patients with the 22q11.2 deletion syn-
drome (del 22q11.2).62

In 1948, Edwards proposed the hypothetical double aortic arch 
model to conceptualize all the known and possible aortic arch mal-
formations.63 Today there is a better understanding of the embry-
ology, and it has been shown that the final arrangement and 
morphology of the great arteries requires reciprocal signaling 
between endothelial cells (ECs) lining the pharyngeal aortic arter-
ies and their surrounding SMCs and mesenchyme, derived from 
neural crest cells (NCC)64 (Fig. 63-8). Septation of the truncus into 
the aorta and pulmonary artery is accompanied by migration of 
the cardiac NCC into the pharyngeal arches and the heart, and this 
occurs in the mouse embryo at 9 (E9.0) days onwards. The NCC 
also contribute to the bilateral symmetrical aortic arches that arise 
from the aortic sac and undergo extensive remodeling, resulting in 
formation of the aorta, ductus arteriosus, and proximal subclavian, 
carotid, and pulmonary arteries. The NCC are remodeled to give 
rise to segments of the mature aortic arch, which is present from 
E12.5 days onwards.61 The left and right third arch arteries form the 
common carotid arteries (CCAs), the right fourth arch artery forms 
the proximal portion of the right subclavian artery, the left sixth 
arch artery forms the ductus arteriosus, and the right sixth arch 
artery regresses.65 Recent work with transgenic mice has shown 
which factors may be important for normal development of the 
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FIGURE 63-7 Coarctation of aorta (COA). A, Postductal. B, Preductal with patent ductus arteriosus (PDA). C, Tubular hypoplasia of aortic arch between 
innominate and subclavian artery with patent ductus arteriosus. D, Tubular hypoplasia (between common carotid and left subclavian) associated with COA (arrow). 
E, Gross photography of heart and aorta with preductal COA. DTA, descending thoracic aorta; Inn, innominate artery; LCC, left common carotid artery; LSC, left 
subclavian artery; PT, pulmonary trunk; RPA, right pulmonary artery. (A-D modified from Moller JH, Amplatz K, Edwards JE: Congenital heart disease, Kalamazoo, Mich., 
1974, Upjohn, pp 46–51.)

Vascular Rings
double aortic arch
Right aortic arch:

Without retroesophageal component
With retroesophageal component

left aortic arch:
Aberrant right subclavian artery

ductus arteriosus sling

Cervical Aorta
Complete Interruption of Aortic Arch

Box 632 Aortic Arch Malformations
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arch  vessels. For example, disruption of the forkhead transcription 
factor Mfh1 causes hypoplasia of the fourth aortic arch artery in 
mice, resulting in absence of the transverse aortic arch, resembling 
the interruption of the aortic arch in man.66

As already noted, aortic arch vascular ring malformations can 
encircle and compress the trachea, esophagus, or both.67

DOUBLE AORTIC ARCH

The double aortic arch is the most frequent type of aortic arch 
malformation to result in a vascular ring. The ascending aorta 
arises normally, and as it leaves the pericardium it divides into two 
branches, a left and a right aortic arch that join posteriorly to form 
the descending aorta. The left arch passes anteriorly and to the left 
of the trachea in the usual position and then becomes the descend-
ing aorta by the ligamentum arteriosum or the ductus arteriosus. 
The right aortic arch passes to the right and then posterior to the 
esophagus to join the left-sided descending aorta, thereby com-
pleting the vascular ring.67 From each arch arise a carotid and a 
subclavian artery (Fig. 63-9). The arches are usually not equal in 
size, the right arch commonly the larger of the two. One arch may 
be represented by a single atretic segment; in that case, the right 
arch usually persists.

It is theoretically possible, using the double aortic arch model, 
that the ductus arteriosus could be bilateral or on the right or left 
side only. No case of functional double arch with bilateral ductus 
arteriosus has been reported. The descending aorta may be on the 
right, on the left, or occasionally in the midline.63,67–69 Associated 
cardiac anomalies in most series are low but were reported to be 
as high as 45% in the series by Kocis et al. in 1997,70 and these 
include tetralogy of Fallot and transposition of the great arteries.68

Most patients present at the time of diagnosis with many symp-
toms, the most common being those arising from the respira-
tory system. Wheezing is the most common, followed by stridor, 
pneumonia, upper respiratory tract infection, respiratory distress, 
cough, and respiratory cyanosis. If such symptoms occur in the 
newborn or young infant and occur recurrently, it should alert the 

physician to the possibility of the presence of arch anomalies.71 
Surgical repair is the ideal and is usually performed approximately 
18 months after the initial diagnosis.

RIGHT AORTIC  ARCH

A right aortic arch is present when the ascending aorta and arch 
pass anterior to the right mainstem bronchus. There are two main 
types of right aortic arch: without a retroesophageal component 
(mirror-image branching) and with a retroesophageal component. 
Right aortic arch exists in 0.1% of the population.72

Right Aortic Arch without Retroesophageal Component

In the usual right aortic arch, there is mirror-image branching of 
the arch vessels compared to the normal left arch. The first ves-
sel is a left innominate artery, the second and third are the right 
common carotid and right subclavian arteries (Fig. 63-10). The 
majority of patients have a left ductus arteriosus arising from the 
left pulmonary artery and inserting into the left subclavian artery. 
Bilateral patent ductus is associated with congenital cardiac 
anomalies, usually tetralogy of Fallot or truncus arteriosus.69 This 
abnormality does not produce symptoms but may be picked up 
radiographically.

Right Aortic Arch with Retroesophageal Component

A vascular ring is usually present in the right aortic arch with ret-
roesophageal component. The right aortic arch extends to the left, 
behind the esophagus, in the form of a diverticulum. The vascular 
ring is formed from the right arch and a left-sided ductus arterio-
sus arising from the left pulmonary artery, with extension into the 
upper descending thoracic aorta. This group of abnormalities also 
includes anomalous retroesophageal left subclavian artery. Right 
aortic arch with mirror-image pattern is associated with congenital 
heart anomalies, and the most common are tetralogy of Fallot and 
truncus arteriosus.73

LEFT AORTIC ARCH

A vascular ring is frequently associated with left aortic arch.

Aberrant Right Subclavian Artery

The most common left arch abnormality is aberrant right subcla-
vian artery. The right subclavian artery arises as the fourth branch 
of the aortic arch, distal to the left subclavian artery. Aberrant right 
subclavian artery does not result in a vascular ring unless there 
is a right ductus arteriosus extending from the right pulmonary 
artery to the right subclavian artery (Fig. 63-11). This anomaly is of  
importance because of its frequent association with tetralogy  
of Fallot and the difficulty of using this vessel for the Blalock-
Taussig anastomosis.74 Aberrant right subclavian artery is also 
associated with COA.68

DUCTUS ARTERIOSUS SLING

An aberrant ductus arteriosus extending from the right pulmonary 
artery between the trachea and esophagus to the aorta near the 
origin of an aberrant right subclavian artery has been reported.75 
The patient may have dyspnea and wheezing, which are relieved 
by surgical division of the vessel.

CERVICAL AORTIC ARCH/INTERRUPTED AORTIC   ARCH

Complete interruption of the aortic arch is different from coarc-
tation of the aortic arch in that there is no continuity of the 
aorta. Interrupted aortic arch is a rare congenital  malformation 
occurring in 3 per million live births. It is defined as a loss 
of  continuity between the ascending and descending tho-
racic aorta and has poor prognosis without surgical treatment. 
Almost all cases have a PDA and associated intracardiac anom-
alies such as VSD, subaortic stenosis, and truncus  arteriosus.  
The  symptoms of complete interruption of the aortic arch are 
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FIGURE 63-8 Schematic of development of arch vessels and outflow 
tract of the heart. Neural crest cells populate the bilaterally symmetrical 
aortic arch arteries (III, IV, and V) and aortic sac (AS) that together contribute to 
specific segments of the mature aortic arch, also color coded. Mesenchymal 
cells form the cardiac valve from the conotruncal (CT) and atrioventricular valve 
(AVV) segments. Corresponding days of human embryonic development are 
indicated. Ao, aorta; DA, ductus arteriosus; LA, left atrium; LCC, left common 
carotid; LSC, left subclavian artery; LV, left ventricle; PA, pulmonary artery; RCC, 
right common carotid artery; RSC, right subclavian artery; RV, right ventricle. 
(Reproduced with permission from Srivastava D, Olson EN: A genetic blueprint for 
cardiac development. Nature 407:221–226, 2000.)
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severe right-to-left shunting. In infants, the clinical presentation is 
severe congestive heart failure (CHF). If untreated, 90% of infants 
will die at a median age of 4 days. Only rare cases in adults have 
been reported.76

CLINICAL PRESENTATION AND DIAGNOSIS

Patients with vascular rings present within the first 6 months of life, 
and close to 50% have symptoms at birth. Those with associated 
cardiac defects may present earlier. The signs and symptoms of tra-
cheal and esophageal compression vary with the severity of com-
pression. Infants may present with stridor, wheeze, and recurrent 
respiratory infections. They often demonstrate poor feeding and 
dysphagia for solid foods.56 Surgery is indicated when esophageal 
and tracheal compression symptoms are severe.

Anomalies of the Pulmonary Trunk  
and Arteries
Isolated pulmonary artery abnormalities are rare and can be 
divided into (1) those with anomalous arterial supply to one lung 
in the presence of separate aortic and pulmonary valves (and 
without inherent interposition of ductal tissue) and (2) those with 
lungs receiving normally connected pulmonary arteries.

Origin of Right or Left Pulmonary Artery  
from Ascending Aorta
When the right pulmonary artery arises from the aorta, it usually 
arises from the right or posterior aspect of the ascending aorta.77 
The origin is usually within 1 to 3 cm of the aortic valve, and the 
right pulmonary artery is larger than the left.77 The pulmonary 

A AO

D AO

E

E

T

T

LSA

LSALCCA

LCCA

RCCA

RCCA

R VERT

RSA
RSA

SVC

A B

FIGURE 63-9 A, Double aortic arch, anterior/cranial view. Ascending aorta bifurcates into an anterior left branch, supplying left common carotid artery and 
left subclavian artery, and a posterior right branch, supplying right common carotid and right subclavian arteries. B, Double aortic arch, posterior/cranial view. 
Continuation of aorta viewed from behind demonstrates anterior left branch wrapping around trachea and esophagus, as well as right posterior branch emerging 
from under esophagus. Distal aorta continues as a centrally located structure. Aao, ascending aorta; DAo, descending aorta; E, esophagus; LCCA, left common carotid 
artery; LSA, left subclavian artery; RCCA, right common carotid artery; RSA, right subclavian artery; Rvert, right vertebral artery; SVC, superior vena cava; T, trachea.
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FIGURE 63-10 Right aortic arch with mirrorimage branching and left 
ductus arteriosus. LCC, left common carotid artery; LD, left ductus arteriosus; 
LS, left subclavian artery; RCC, right common carotid artery; RS, right subclavian 
artery. (Reproduced with permission from Bankl H: Congenital malformations of 
the heart and great vessels. Synopsis of pathology, embryology, and natural history, 
Baltimore, 1977, Urban & Schwarzenberg, pp 159–166.)
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FIGURE 63-11 Aberrant right subclavian artery from an anteroposterior 
(AP) view. (Reproduced with permission from Stewart JR, Kincaid OW, Edwards JE:  
An atlas of vascular rings and related malformations of the aortic arch system, 
Springfield, Ill., 1964, Thomas.)
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vascular bed of both lungs may be similar, especially in patients 
dying within the first 6 months of life.78 In older patients, however, 
hypertensive vascular disease is usually present and similar in  
extent in both lungs.77 This lesion is seen as an isolated defect  
in 20% of cases, but most often it is associated with PDA 
(50%).79,80 Occasionally, the lesion coexists with left pulmo-
nary vein stenosis.77 The pulmonary stenosis may be tubular or 
membraneous.77

The origin of the left pulmonary artery from the ascending aorta 
is more rare than the right pulmonary artery from the aorta, and 
is usually seen in association with right aortic arch.77 This anom-
aly is isolated in 40% of cases, and the most commonly associated 
lesion is tetralogy of Fallot. Part of one lung may receive anom-
alous vascular supply, called sequestration of the lung. A distinct 
form of sequestration, scimitar syndrome (see earlier under “Partial 
Anomalous Pulmonary Venous Connection”), involves abnormal 
arterial supply as well as venous drainage into the IVC.81 The more 
severe type of sequestration occurs when one lung is supplied 
completely from a systemic source.

Pulmonary arteries may arise from the pulmonary trunk, but the 
left artery connects to the right lung and vice versa.81 This anomaly 
has been described in truncus arteriosus, as well as when the pul-
monary trunk is normally connected to the right ventricle.81

Aortopulmonary Communication
Aortopulmonary communication or window is a distinct anatomi-
cal lesion with communication between the ascending aorta and 
the pulmonary trunk, and the presence of separate aortic and pul-
monary valves.82 The defect is a true window, with no length to the 
communication between the aorta and pulmonary trunk. Usually 
the defect is single, large, and oval; infrequently (<10% of cases) the  
defect is small.83 The communication is usually situated in the left 
lateral wall of the ascending aorta (close to the origin of the left cor-
onary artery) in communication with the right wall of the pulmo-
nary trunk (inferior to the origin of the right pulmonary artery).83,84 
It is not surprising, therefore, that the right or, more rarely, the left 
coronary arteries may be seen arising from the pulmonary trunk. 
Rarely, the communication may be more downstream.83–85 Because 
the defect is often large, it is not surprising that pulmonary vascu-
lar disease may develop early, similar to that seen in VSDs and pat-
ent ductus arteriosus.82,83 Aortopulmonary window is associated 
with other cardiovascular malformations, such as VSDs, tetralogy of 
Fallot, subaortic stenosis, and infrequently, right aortic arch, ASD, or 
patent ductus arteriosus.83–86

Vascular Anomalies
Before the advent of the system proposed by Mulliken and 
Glowacki in 1982, proper classification of vascular anomalies was 
replete with inaccurate and misleading terminology. In 1996, build-
ing on the Mulliken and Glowacki system, the International Society 
for the Study of Vascular Anomalies (ISSVA) established a more 
appropriate classification system, dividing benign vascular anom-
alies into two major categories: (1) vascular tumors and (2) vas-
cular malformations (VM)87 (also see Chapter 64). Although there 
are several types of vascular tumors, hemangiomas represent the 
overwhelming number of vascular tumors encountered in pediat-
rics, are considered benign vascular neoplasms characterized by 
endothelial proliferation (initially rapidly progressing), and are not 
considered to cause significant arteriovenous shunting. Vascular 
malformations, on the other hand, are considered slow-growing 
congenital anomalies associated with arteriovenous shunting, 
and histologically are characterized by a proliferation of hetero-
geneous and often dysplastic vascular elements, including arteries, 
dysplastic arteries, veins, and arterialized veins. Vascular malforma-
tions are further subdivided according to the Modified Hamburg 
Classification, including a (1) primary classification based on 
the predominant vascular defect, and (2) an embryological sub-
classification based on anatomy and the stage of  developmental 

arrest.88–91 Vascular malformations can be further divided into 
groups based on vessel type and flow characteristics. Capillary, 
venous, and lymphatic malformations are slow-flow lesions, and 
arteriovenous malformations (AVMs) and fistulas (AVFs) are 
fast-flow lesions; further combined lesions may also occur. Either 
proliferation (i.e., VMs, hemangiomas) may be associated with syn-
dromes, especially when multiple.

Vascular Malformations
SLOW-FLOW MALFORMATIONS

Capillary Malformations

Clinically, the most well known of the capillary malformations are 
known as fading capillary stains, port-wine stains, or venocapillary 
malformations, which represent some of the most common vascu-
lar malformations of the skin.87 As a group, capillary malformations 
are a generic term to describe a heterogenous group of vascular 
stains of the skin, also including lymphaticovenous malforma-
tions and the malformations observed in Klippel-Trénaunay's and 
Parkes-Weber's syndromes. In the case of the facial port-wine stain 
or the facial nevus flammeus, histological sections may show only 
rare dilated capillary-like vessels in young children, or collections 
of haphazardly arranged dilated vessels in the papillary and reticu-
lar dermis in older patients92 (Fig. 63-12).

TelangiecTasias

According to the updated ISSVA classification, telangiectasias are 
considered a slow-flow type of capillary malformation manifesting 
as localized dilations of capillaries and venules that are presumed 
congenital and may form part of an inherited syndrome. Unlike 
hemangiomas, there is no proliferation of vessels, but rather an 
idiopathic dilation of preexisting capillaries and venules. However, 
the term hemangioma has often been used, especially clinically, 
for these lesions. Most forms of telangiectasias are present in the 
skin, but internal organs including the brain can be affected. There 
are generally few or no symptoms attributable to the telangiecta-
sia itself, other than cosmetic problems when it involves the skin, 
or hemorrhagic complications of  gastrointestinal  hemangiomas. 
Incidental telangiectasias of the brain are found predominantly in 
the pons, and have only rarely been reported to cause symptoms 
by bleeding.
CUTANEOUS TELANGIECTASIAS. The most common congeni-
tal cutaneous telangiectasia is the nevus flammeus, or ordinary 
birthmark. Nevus flammeus appears as mottled macular lesion 
on the head and neck, and usually regresses. The nevus vinosus, 
or port-wine stain, is a specialized form of nevus flammeus that 
demonstrates no tendency to fade and often becomes elevated, 
reminiscent of a true hemangioma. Unlike true hemangiomas, tel-
angiectasias appear histologically as congested normal vessels that 
are separated by intervening tissue. Indeed, in most cases there is 
no detectable histopathological abnormality after processing the 
tissue for examination.
TELANGIECTASIA SYNDROMES. Ataxia telangiectasia is an auto-
somal dominant inherited disease that is characterized by cerebel-
lar degeneration, immunodeficiency, oculocutaneous telangiectasia, 
cancer risk, and radiosensitivity. The vascular manifestations are her-
alded by appearance in childhood of telangiectasias of the bulbar 
conjunctivae and skin of the face and extremities.93 Ocular telan-
giectasias often do not appear until several years after the ataxia. 
The patients generally succumb to an underlying immunological 
abnormality that results in recurrent infections and the develop-
ment of lymphoproliferative disorders. The most common type of 
malignancy is lymphoma, usually of the B-cell type. Leukemias also 
occur.94 Histological examination of the telangiectasias demon-
strates the presence of dilated subpapillary venous channels.

Currently, the genetic basis is believed related to mutations 
in the ataxia-telangiectasia gene (ATM). Since the cloning 
of ATM in 1995,95 more that 100 ATM mutations occurring in 
 ataxia-telangiectasia patients have been documented. The muta-
tions are broadly  distributed throughout the ATM gene.96 The 
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product of the ATM gene is a 350-kD protein. ATM is involved in 
DNA damage recognition and cell cycle control in response to 
ionizing radiation damage. There is evidence that ATM may also 
have a more general signaling role.97 Affected homozygotes are at 
increased risk for a wide range of malignancies; however, the ele-
vated risk of malignancy is not observed among A-T heterozygotes, 
with the possible exception of breast carcinoma.98

Generalized essential telangiectasia is another localized form 
of telangiectasia associated with recurrent cutaneous telangiec-
tasis.99 Another form of telangiectasia that can result in gastroin-
testinal bleeding is watermelon stomach, or gastric antral vascular 
ectasia. Watermelon stomach has been increasingly recognized as 
an important cause of occult gastrointestinal blood loss and ane-
mia. The histological hallmark of this entity is superficial capillary 
ectasia of gastric antral mucosa and microvascular thrombosis in 
the lamina propria. Endoscopic findings of the longitudinal antral 
folds containing visible columns of tortuous red ectatic vessels 
(watermelon stripes) are pathognomonic.100 Watermelon stomach 
is usually isolated, but has been reported in patients with auto-
immune diseases, especially scleroderma.101–103 The precise nature 
of the vascular defects is unclear, but underlying fibromuscular 
dysplasia (FMD) of the gastric arteries has been suggested as a 
cause for the superficial lesions.100

Venous Malformations

Unlike AVMs, vascular malformations are slow-flow lesions com-
posed entirely of veins, which do not show significant enhance-
ment by radiographic procedures.104 The imaging characteristics, 
especially those of magnetic resonance (MR), are otherwise simi-
lar to those of hemangiomas; hence the past use of the terms cav-
ernous hemangioma, venous hemangioma, and cavernous angioma 
still present in textbooks.105 Typically, there is a focus of attachment 
to muscle in those occurring in deep sites. Venous hemangiomas 
have been reported in a variety of sites, including the mediastinum, 
mesentery, skeletal muscle, and retroperitoneum.106–111

Venous malformations histologically are composed of nod-
ules of irregular venous-type vascular channels that may vary in 
size. This lobular or grouped arrangement of vessels is helpful for 

 distinguishing these benign from malignant vascular proliferations. 
Mast cells and factor XIII–positive interstitial cells are a consistent 
feature. The spaces are lined by a mitotically inactive flat endo-
thelium highlighted by CD31, surrounded by smooth muscle that 
appears attenuated or absent relative to the size of the vessel.105

The blue rubber bleb nevus syndrome (BRBNS) is a developmental 
disorder originally identified by the presence of distinctive cutane-
ous blue nevi, especially of the tongue, lips, neck, and gastrointesti-
nal system, with a predilection for the small bowel.112 The cutaneous 
blue nevi are in fact nodular venous malformations involving the 
dermis and subcutaneous tissue.105 More recently, central nervous 
system (CNS) vascular malformations, including venous anoma-
lies, have been associated with BRBNS.113,114 Colonoscopy with laser 
photocoagulation is a nonoperative method of controlling bleed-
ing from colonic hemangiomas, although surgical resection may be 
necessary to control chronic gastrointestinal blood loss.115 Virtually 
all internal organs, including the orbit,116 have been reported as 
involved in BRBNS, as well as multiple cutaneous sites. There is 
often a diffuse, mild, consumptive coagulopathy.117

BRBNS can be considered a particular manifestation of venous 
malformation that has been shown to be either sporadic or famil-
ial. In the latter, it is inherited in an autosomal dominant fashion. A 
genetic basis for BRBNS remains inconclusive. Analyses from dif-
fering groups have identified a locus chromosome, 9p, responsible 
for venous malformation in a single large kindred,118 an activating 
mutation in the gene that encodes for the kinase domain of the 
EC receptor TIE2 in another familial genetic analysis,119,120 and spo-
radic somatic mutations in TIE2.121

FAST-FLOW VASCULAR MALFORMATIONS

Arteriovenous Malformations

Arteriovenous malformations are rare fast-flow lesions consisting 
of abnormal vascular communications between arteries and veins 
that occur without an intervening capillary bed and that result in 
the formation of a mass. These malformations are also referred to 
as arteriovenous fistulas, arteriovenous hemangiomas, arteriove-
nous aneurysms, and racemose or cirsoid aneurysms.

A B

C

FIG UR E  6 3 - 1 2  C a p i l l a r y 
malformations (CM). A, Facial CM 
with lip hypertrophy in a 4-year-old 
boy, showing an excessive number of 
thin-walled venule-like channels with 
narrow lumens (hematoxylin-eosin 
[H&E] stain × 100). B, Facial CM with lip 
hypertrophy in a 17-year-old boy has 
an increased number of enlarged vein-
like channels with both thin and thick, 
mostly fibrous walls. Intervascular 
fibrous tissue is increased (H&E stain 
× 100). C, Facial CM with thickening 
and nodules in a 35-year-old man 
with Sturge-Weber's syndrome. Nasal 
skin shows a nodular cluster of large, 
abnormal veinlike channels. Fibrosis 
and follicular dilation and keratin 
plugging are present (H&E stain × 40).  
(Reproduced with permission from 
Gupta A, Kozakewich H: Histopathology 
of vascular anomalies. Clin Plast Surg 
38:31–44, 2011.)
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arTeriovenous MalforMaTions of The cenTral nervous SysTeM,  
head, and neck

Although AVMs are described in almost every organ of the body, 
approximately 50% are located in the head and neck region, 
including the CNS.122–129 Congenital AVMs are often multiple and 
have a female predominance. Occasionally, there may be famil-
ial AVMs in the absence of a defined syndrome.130 Arteriovenous 
malformations of the CNS may result in seizures or subarach-
noid hemorrhage (SAH) and are treated with a combination of 
surgery, radiosurgery, embolization, and radiation.130,131 When the 
malformation results in vein of Galen steal, treatment consists of 
coil embolization.132 There can be an associated venous malfor-
mation within the brain.133 Presenting symptoms of oral and max-
illary AVMs vary, including soft-tissue swelling, pain, changes in 
skin and mucosal color, erythematous and bleeding gingiva, bruit, 
and paresthesias. The radiological appearance is not pathogno-
monic. Arteriovenous malformations of the cranial bones can 
cause bleeding after dental surgery and are also treated with 
embolization.134 Some are thought to be hamartomas134 and can 
be associated with other vascular anomalies, such as persistent 
trigeminal artery.135 Treatment of osseous AVMs of the head and 
neck include direct transosseous injection of cyanoacrylate.

arTeriovenous MalforMaTions of The lung 
Pulmonary AVMs were first described at autopsy in the 19th 
 century, but the first clinical diagnosis based on the triad of cyano-
sis, clubbing, and polycythemia was made in 1939.136 Pulmonary 
AVM causes a shunt of venous blood from the pulmonary arter-
ies to the pulmonary veins, thus decreasing arterial oxygen sat-
uration. Although most patients are asymptomatic, pulmonary 
AVMs can cause dyspnea from right-to-left shunts. Because of 
 paradoxical emboli, various CNS complications have been 
described, including stroke and brain abscesses. There is a strong 
 association between pulmonary AVMs and hereditary hemor-
rhagic  telangiectasia (HHT). Up to 36% of patients with solitary 
pulmonary AVM and 60% of patients with multiple pulmonary 
AVMs have  associated HHT.137,138

Chest radiography and contrast-enhanced computed tomogra-
phy (CT) are essential initial diagnostic tools, but pulmonary angi-
ography is the gold standard to establish the presence of shunting. 
Contrast echocardiography is useful for diagnosis and monitor-
ing after treatment. Most patients should be treated. Therapeutic 
options include angiographic embolization with metal coil or bal-
loon occlusion and surgical excision.139

Occasionally a pulmonary AVM receives blood from a systemic 
artery in addition to a pulmonary artery.140 Pulmonary AVMs may 
be single or multiple, small or large enough to involve an entire 
lung. These can be associated with cerebral AVMs in patients with 
HHT.141 They may present during pregnancy with hemoptysis, often 
heralding HHT, and treatment with embolization is indicated if the 
patient is symptomatic.133

Cyanosis is present since childhood and occasionally since birth. 
Neurological symptoms may be due to brain abscesses resulting 
from a loss of the filtering function of the lung.142 A decrease in 
arterial oxygen saturation occurs with pulmonary AVM, and pul-
monary angiography demonstrates the malformation with early 
filling of the left atrium.

The frequency of fatal complications is significant in pulmo-
nary AVM.137 These include rupture, hemorrhage, endocarditis, and 
brain abscess. Surgery is indicated with segmental resection when-
ever possible to preserve the maximum amount of lung tissue, but 
lobectomy may be necessary.142

arTeriovenous MalforMaTions of oTher siTes

Other locations for AVM include the gastrointestinal tract, heart, 
liver, and kidney. Those of the gastrointestinal tract typically 
present with bleeding or mucosal ulceration.143 They may occur 
anywhere in the gastrointestinal tract, and endoscopically are 
raised lesions that may show nonspecific histological altera-
tions.144 Those of the kidney and pelvis may present with a vari-
ety of symptoms and are initially treated with  embolization.145 

Multiplicity and early age at onset are signs that the lesion 
may be part of a syndrome, especially Klippel-Trénaunay's syn-
drome or HHT.

The physical findings in AVM are closely related to the location 
and size of the lesion. Patients may present with swelling, pain, or 
hemorrhage. If located near the skin, the lesion is often a pulsa-
tile mass with a thrill or bruit. There may be erythema or cyano-
sis distal to the lesion. Cutaneous or mucosal AVMs may ulcerate 
and bleed, or there may be thrombosis or cellulitis or both super-
ficially. Hypertrophy of an extremity can occur if a large shunt is 
present. Cardiomegaly in infancy is occasionally due to an unsus-
pected AVM, and large aneurysms, particularly in the brain or liver, 
may cause neonatal heart failure. Central nervous system AVMs 
may present as repeated episodes of intracranial hemorrhage or 
as seizure disorders secondary to gliosis or atrophy of the adja-
cent cortex.

Angiographically, the lesions have multiple anomalous arte-
rial branches and anastomoses with early filling of the venous 
system. Vessels are dilated, elongated, and tortuous. Magnetic 
resonance imaging is capable of differentiating AVMs from other 
types of hemangiomas, both in the CNS and the skin and subcu-
taneous tissue.122 Arteriovenous malformations may be present 
at birth, become apparent soon after birth, or remain asymptom-
atic until adulthood.125 Unlike capillary  hemangiomas in infants, 
AVMs do not regress but grow with the growth of the child.

A specialized form of AVM that occurs in the gastric mucosa 
is termed Dieulafoy's disease and is prone to massive upper  
gastrointestinal hemorrhage. Indications for the treatment 
of AVMs include congestive heart failure, cosmetic defor-
mity,  hemorrhage, or ulceration. Coil embolization of hepatic 
AVMs may improve heart failure, although there is risk of 
hepatic  damage.104 Other complications of embolization ther-
apy include stroke,128 skin slough, and blindness.123 Treatment 
of AVMs is  tailored to the particular location and size of the 
lesion. A variety of therapeutic modalities have been used to 
treat AVMs, including radiation, surgery, and embolization tech-
niques. Surgical treatment of AVMs involves resection. Isolated 
ligation of the vessel is not curative; collateral circulation can 
reestablish flow to the lesion.123,128

Arteriovenous malformations can recur if not completely 
excised.127 The morbidity of surgery relates to hemorrhage, dissem-
inated intravascular coagulation (DIC), and cosmetic deformity.127 
A variety of materials have been used for embolization, includ-
ing autologous materials such as fat or muscle, hemostatic agents 
such as gelatin sponges or polyvinyl alcohol, and methyl methac-
rylate or silicon spheres. More recently, coils and balloons have 
been used. The amount of shunting and the diameter of shunts 
determine the size of the embolization particles.

PaThology

The pathological diagnosis of AVM rests on the presence of com-
municating arteries and veins in a vascular lesion. In the larger 
AVM, the gross appearance of the specimen is one of multiple 
 blood-filled spaces, often aneurysmally dilated (Fig. 63-13). A 
smaller AVM removed for pathological examination may require 
extensive sectioning to demonstrate the lesion, and ultimately the 
diagnosis may rest on radiological correlation. Microscopically, 
AVM is marked by the presence of arteries and veins with little 
intervening tissue. The direct communication between an artery 
and a vein may be difficult to locate. Vessels are often elongated 
and dilated, and the structure of the vessel walls in AVM is usually 
abnormal. Artery walls are thinned or may be hypertrophied, with 
disruption and loss of elastic lamina and medial smooth muscle 
(Fig. 63-14). The medial smooth muscle may also form nodules 
projecting into the vessel lumen. Vein walls become thickened or 
arterialized, with the acquisition of internal elastic lamina. Rarely, 
the malformation may be composed entirely of veins, represent-
ing the so-called venous hemangioma. Elastic stains can be help-
ful, but it is not always possible in AVM to classify a vessel as an 
artery or a vein.
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Combined Vascular Malformations:  
Capillary-Venous-Lymphatic Malformations
This category encompasses lesions with a complex combination 
of vessel types, thus the designation of capillary-lymphatic-venous 
malformations (CLVMs).87 CLVMs are the most common vascular 
malformation associated with Klippel-Trénaunay's syndrome (also 
see Chapter 64).

CARDIAC HEMANGIOMAS/ARTERIOVENOUS 
MALFORMATIONS

Vascular malformations within the heart include coronary-cameral 
fistula and cardiac hemangiomas. Hemangiomas involving the myo-
cardium are a diverse group of lesions that represent either hamar-
tomatous malformations or, less likely, benign neoplasms, despite 
the designation of a “hemangioma.” The histological classification 
includes those composed of multiple dilated thin-walled vessels 
(cavernous type), smaller vessels resembling capillaries (capillary 
type), and dysplastic malformed arteries and veins (arteriovenous 

hemangioma, cirsoid aneurysm). Cardiac hemangiomas often have 
combined features of cavernous, capillary, and arteriovenous hem-
angiomas, and many contain fibrous tissue and fat. These features 
are reminiscent of intramuscular hemangiomas of skeletal muscle.

An intramuscular cardiac hemangioma has a superficial resem-
blance to an AVM, with the presence of heterogeneous vessel types, 
including muscularized arteries, veins, and capillaries. In contrast 
to capillary hemangiomas, they are infiltrative lesions and occur 
within the myocardium. They are histologically identical to intra-
muscular hemangiomas within skeletal muscle and may possess, 
in addition to the vessels, fat and fibrous tissue. Because of the lat-
ter features, some intramuscular cardiac hemangiomas are mis-
classified as lipomas or fibrolipomas.

Most cardiac hemangiomas are discovered incidentally, but 
patients may present with dyspnea on exertion, arrhythmias, right-
sided heart failure, pericarditis, pericardial effusion, and failure to 
thrive.146 Patients may have associated vascular syndromes (e.g., 
Kasabach-Merritt; see Chapter 64).

Whereas chest roentgenograms are abnormal in the majority of 
cases, the diagnosis of a cardiac tumor is rarely made on the basis of 

A B

FIGURE 63-13 Pulmonary arteri
ovenous malformations (AVM). A, 
Gross image of a large pulmonary AVM 
demonstrating aneurysmally dilated 
spaces. B, Pulmonary AVM in left upper 
lobe of lung from a 4-day-old male 
infant born with low Apgar scores and 
cyanosis. The infant died in congestive 
heart failure (CHF).

A B

C

FIGURE 63-14 Arteriovenous 
malformations (AVM). A, AVM 
shows malformed arteries and veins 
(hematoxylin-eosin [H&E] stain × 20). 
B, AVM with Verhoeff-van Gieson 
(VVG) stain highlights the disrupted 
internal elastic lamina in arteries, 
with transition to indeterminate type 
elastic pattern (top vessel, VVG special 
stain ×4). C, Small vessel (proliferative 
component) in AVM has foci of small 
channels with plump endothelium 
and pericytes (H&E stain × 400). 
(Repro duced with permission from 
Gupta A, Kozakewich H: Histopathology 
of vascular anomalies. Clin Plast Surg 
38:31–44, 2011.)
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plain radiographs alone. A characteristic tumor blush on coronary 
arteriography suggests the diagnosis of a cardiac hemangioma.147  
Echocardiography usually directs the diagnosis toward a cardiac 
mass. An enhanced-contrast CT scan or MRI can establish the diag-
nosis of hypervascularized cardiac tumor.

The most frequent locations are the lateral wall of the left ven-
tricle (21%), the anterior wall of the right ventricle (21%), the 
interventricular septum (17%), and occasionally the RV outflow 
tract.148

Cardiac hemangiomas are often large, and gross appearance 
depends on the size of the vascular spaces in the tumor. The capil-
lary type is frequently slightly raised from the endocardial surface 
and appears red to purple. Intramuscular types will appear infiltra-
tive. Cavernous hemangiomas are usually large and are also poorly 
circumscribed.

Vascular Tumors
According to the modified ISSVA classification, vascular tumors 
include infantile hemangiomas, congenital hemangiomas, tufted 
angiomas, pyogenic granulomas, kaposiform hemangioendotheli-
omas, and the capillary hemangioblastoma/hemangioma associ-
ated with von Hippel-Lindau's syndrome (see Chapter 64). Readers 
are also referred to a recent histological review.92

Fibromuscular Dysplasia
Fibromuscular dysplasia is a generic term for a group of structural 
abnormalities of one or more layers of medium-sized and large 
arteries that result in luminal narrowing by fibrous, smooth  muscle, 
or fibromuscular tissue, with or without associated aneurysms and 
dissections of the media. Fibromuscular Dysplasia is an uncom-
mon noninflammatory and nonatherosclerotic angiopathy with 
a predilection for the renal and carotid arteries. Young to mid-
dle-aged predominantly Caucasian females are most commonly 
affected. Renal involvement is the most common (60%-75%), fol-
lowed by cervicocranial arteries (25%-30%), visceral arteries (9%), 
and the arteries of the extremities (5%). The disease consists of a 
heterogeneous group of histological changes that ultimately lead 
to arterial narrowing. Clinical manifestations reflect the arterial bed 
involved, most commonly hypertension (renal), stroke (carotid), 
and abdominal pain. Classification is based on the histopathologi-
cal localization and pattern of structural abnormalities. The latter 
determines the angiographic appearance.

Fibromuscular dysplasia is a pathological diagnosis and has been 
classified into intimal, medial, and periarterial subtypes. The charac-
teristic angio graphic changes described as “string of beads,” focal, 
and tubular can be used to make the diagnosis in the appropriate 
clinical setting. The most common lesions become symptomatic as 
high-grade stenosis producing renovascular hypertension, or as an 
embolic source in the cerebral circulation. Treatment is reserved 
for symptomatic lesions. Most simple lesions are effectively treated 
by catheter-based intervention. Surgical therapy is warranted for 
more complex lesions. Both produce durable long-term results.149

The cause(s) of FMD remains obscure and may include estro-
gen exposure, mechanical factors, ischemic factors, environmen-
tal toxins such as cigarette smoke, and autoantibodies. There is 
an underlying genetic predisposition to the development of FMD. 
Caucasians are much more likely to develop FMD than blacks, and 
many cases are familial, with an autosomal dominant transmission 
and variable penetrance. However, no specific genetic abnormali-
ties have been reported up to now.

Histological Subtypes
The traditional histological classification of FMD has been estab-
lished based on the layer of vessel involved150 (Fig. 63-15). Classically, 
FMD has been divided into medial (Fig. 63-16), intimal (Fig. 63-17), 
and adventitial types (Fig. 63-18). Medial FMD accounts for up to 95% 
of cases and has been further subdivided into medial  fibroplasia, 

perimedial fibroplasia, and medial hyperplasia.151 Medial fibropla-
sia is shown to correlate with either a string-of-beads appearance or 
multiple stenoses on angiography in 62% of cases. The tubular type 
with long, concentric stenosis is seen in 14%, and the focal type with 
solitary stenosis less than 1 cm in length occurs in 7%.

Medial fibroplasia is characterized by fibromuscular ridges of 
hyperplastic SMCs and fibrous tissue, which  project into the lumen 

Intimal fibroplasia
Adventitia

Media

Intima

Lumen

Medial fibromuscular dysplasia

Periadventitial fibrosis

FIGURE 63-15 Schematic showing transverse and longitudinal 
patterns of involvement of the arteries by the major types of 
fibromuscular dysplasia (FMD). (Modified from Harrison EG Jr, McCormack 
LJ: Pathologic classification of renal arterial disease in renovascular hypertension. 
Mayo Clin Proc 46:161–167, 1971; and Luschner TF, Lie JT, Stanson AW, et al: Arterial 
fibromuscular dysplasia. Mayo Clin Proc 69:931–952, 1987.)

FIGURE 63-16 Arterial dysplasia, medial type. High magnification 
demonstrates a gap in the arterial media. A succession of such defects results 
in the string-of-beads appearance on angiogram. (Reproduced with permission 
from Virmani R, Burke AP, Farb A: Arterial dysplasia, aneurysms, and dissections. In 
Virmani R, Burke AP, Farb A, editors: Atlas of cardiovascular pathology, Philadelphia, 
1996, Saunders, pp 184–193.)
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of the affected artery. Perimedial hyperplasia implies a predomi-
nance of fibrous tissue, and the proliferation is primarily in the 
outer layer of the media. Pure medial hypertrophy is quite rare, 
and represents a concentric hypertrophy of the medial wall. The 
wall is relatively smooth, lacks fibrosis, and causes severe stenosis. 
Angiographically and grossly, the stenosis is usually subtotal, tubu-
lar, and smooth.

Intimal hyperplasia, which represents less than 5% of lesions, 
is characterized by proliferation of fibrous tissue, including 
smooth muscle cells, within the intima. There is no lipid depo-
sition or inflammatory cell infiltrate, and the internal elastic 
lamina is preserved. Endarteritis secondary to inflammatory 
conditions or trauma may be associated with intimal fibropla-
sia in muscular arteries that may mimic the histological pic-
ture of intimal fibroplasias. The morphological appearance 
may be virtually indistinguishable from that of secondary or 
reactive intimal fibroplasia seen after endarterectomy or in the 
initial proliferative stage of atherosclerosis. Intimal fibroplasia 
may also occur concomitantly with medial FMD. In adventitial 
or periarterial fibroplasia, the primary lesion is a dense col-
lagenous replacement of the loose fibrous tissue of the arte-
rial adventitia. This fibrosis may extend into the surrounding 
adipose and connective tissues. In periarterial fibroplasia, the 
media and intima are normal.

The histological classification of FMD is generally based on the 
layer of vessel involved. Although this classification is well estab-
lished in the literature, we, as well as others,152 have not always 
found this classification useful and reproducible. A simplified clas-
sification based on the presence of smooth muscle hyperplasia has 
recently been proposed.152

Fibromuscular Dysplasia of Renal Arteries
In children and young adults, FMD of the renal arteries is the most 
common cause of renovascular hypertension.153 The renal arter-
ies are the most common site of symptomatic FMD, accounting 
for about 75% of cases. Multivessel FMD, which involves renal as 
well as other arteries, occurs in approximately 25% of patients with 
renal FMD.

The potential of FMD involving transplant kidneys and affecting 
the remaining donor kidney has led to the routine use of digital 
subtraction (DSA) and magnetic resonance angiography (MRA) 
in potential kidney donors.154–158

Although the cause of FMD of the renal arteries is unknown, 
there is an association with the HLA-DRw6 antigen. In one series 
of patients, this HLA antigen was more common in the 33 FMD 
patients than in the 61 renal transplant donor control subjects 
(odds ratio (OR), 2.5; P = 0.03).159

Patients with renal FMD are often young women. The diagnosis 
of FMD is usually made upon investigation for unexplained hyper-
tension. The right renal artery is more often involved than the left, 
and cases of bilateral involvement are often associated with extra-
renal FMD. In a large recent series of 104 unrelated hypertensive 
patients (94 women) with renal artery FMD, 81 patients had multifo-
cal, 16 had unifocal, and 7 patients both types of stenosis. Fifty-four 
patients had bilateral FMD. The documented prevalence of familial 
cases was 11% in this series; familial cases all exhibited the multifo-
cal type and were more commonly bilateral.160 The distal two thirds 
of the artery is typically involved, with frequent extension into the 
branch arteries. Helical CT angiography (CTA), especially the com-
bination of transverse sections and maximum-intensity projec-
tion (MIP) reconstructions, can reliably reveal renal artery FMD.161 
Complications of arterial occlusion and renal infarction may result 
from arterial dissection, embolization originating in the aneurysm, 
and aneurysmal thrombosis.

Fibromuscular Dysplasia of Aortic Arch Vessels
Fibromuscular dysplasia has been described involving the carotid, 
subclavian, and vertebral arteries.162–164 The internal carotid artery 
(ICA) is typically involved at the level of C1-C2 and is usually 
“typical” medial FMD, resulting in a classic string-of-beads angio-
graphic appearance. Heterozygous α1-antitrypsin deficiency may 
be a genetic risk factor for the development of FMD of the internal 
carotid artery.165 Fibromuscular dysplasia is a rare cause of cere-
bral ischemia; however, FMD of the ICA is typically diagnosed after 
symptoms such as transient ischemic attacks (TIAs), amaurosis 
fugax, minor stroke, or nonfocalized ischemic cerebral symptoms. 
Fibromuscular dysplasia of the arch vessels is increasingly being 
found incidentally. Surgical intervention in symptomatic cases 
includes thromboendarterectomy of the bifurcation, venous inter-
position graft, and venous patching.166 Recently, endovascular ther-
apy has been applied with increasing frequency. Stent placement 
has been used for FMD-related aneurysms, and balloon angio-
plasty for patients with TIA or stroke.167

Patients with cerebrovascular FMD have a high incidence of berry 
aneurysms of the circle of Willis, especially the intracranial ICA and 
the middle cerebral artery (MCA). Aneurysms in these locations 
are likely to be found in females with other vascular lesions caused 
by FMD or other aneurysms. In contrast, aneurysms of the anterior 
cerebral artery (ACA) are more likely sporadic and found in men. 
The prevalence of intracranial aneurysms in patients with cervical 
ICA and/or vertebral artery FMD is approximately 7%, which is not 
as high as the 21% to 51% prevalence previously reported.168

Subclavian and vertebral FMD is less likely to have a charac-
teristic angiographic appearance and has been termed atypical 

A B

FIGURE 63-17 Fibromuscular 
dysplasia (FMD), primarily intimal. 
A 55-year-old woman underwent coro nary 
artery bypass graft (CABG) surgery. Her 
internal mammary artery (demonstrated 
histologically) was grossly cordlike, as 
were other arteries in the mediastinum. 
A, Low magnification shows marked 
concentric thickening of the intima, with 
a relatively normal media. There is also a 
degree of adventitial scarring. B, Higher 
magnification of the intima shows 
smooth muscle cells (SMCs) within a 
proteoglycan matrix.
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FMD on the basis of radiological findings. Fibromuscular dysplasia 
involving more distal branches of the aortic arch, such as the bra-
chial artery, is unusual.169

Cerebrovascular FMD and FMD of the subclavian arteries are 
often asymptomatic and may be an incidental angiographic finding. 
The overall incidence of this disease, and therefore the proportion 
of cases that are asymptomatic, are unknown. Symptoms occur if 

there is significant stenosis of major cephalic or subclavian arteries 
or embolization from thrombosed areas of FMD. Symptoms include 
transient ischemic attacks, strokes, and SAH from associated berry 
aneurysms of the circle of Willis,  subclavian steal syndrome, and 
weakness or claudication of the arms. Complications of cerebro-
vascular FMD include arterial dissections and carotid cavernous 
fistulas. Fibromuscular dysplasia of the cerebrovascular circulation 
and subclavian arteries is more often multifocal and bilateral than 
isolated renal artery FMD. Patients with subclavian FMD often have 
systemic FMD, including FMD of the renal arteries.170

Fibrous Dysplasia of Miscellaneous Sites
Fibromuscular dysplasia has been described in the visceral arter-
ies,171–173 iliac,174  axillary, brachial and coronary arteries, and aorta.175 
Typical  arteries involved in FMD of the visceral arteries are the 
celiac artery,  mesenteric arteries, hepatic artery,176 and splenic artery. 
These are often found in association with renal artery FMD.173,177

Segmental arterial mediolysis, a rare form of mesenteric arteri-
opathy that typically results in spontaneous dissections and hemo-
peritoneum in hypertensive patients, may be a form of mesenteric 
arterial dysplasia. Symptoms related to stenotic lesions of the vis-
ceral arteries are rare owing to well-developed collateral vessels. 
Fibromuscular dysplasia of miscellaneous arteries are prone to 
similar complications of renal FMD and FMD of the aortic arch, 
including dissection and embolization.
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C H A P T E R  64  Peripheral Vascular Anomalies, 
Malformations, and Vascular Tumors
Francine Blei

Nonmalignant vascular anomalies can be functionally divided 
into two groups: proliferative vascular lesions and static vascular 
malformations. Unfortunately, this distinction is not universally 
appreciated, and diagnoses are often incorrect in the literature and 
clinical practice because of knowledge gaps and lack of clarity. 
Box 64-1A delineates a classification initially proposed by Mulliken 
and Glowaki,1 and Box 64-1B is an updated version published 
by the International Society for the Study of Vascular Anomalies 
(access at www.issva.org/). Functional classification helps guide 
management and prognosis. This chapter discusses peripheral (i.e., 
not central nervous system [CNS] or cardiac) vascular anomalies, 
including vascular tumors and syndromic vascular disorders, and 
offers new genetic information and insights into putative signaling 
pathways implicated in their development.

Proliferative Vascular Anomalies  
and Tumors
Hemangiomas are considered the most common tumors of child-
hood. They are benign growths of endothelial cells (ECs), with a 
unique natural history characterized by a rapid growth phase usu-
ally beginning in the first weeks of life and continuing until 9 to 
12 months of age (Fig. 64-1). The majority of hemangiomas sub-
sequently undergo spontaneous gradual (but extensive) involu-
tion. Histological correlation with the growth phase demonstrates 
involution and is characterized by increased connective tissue 
in the dermis and fat in the subcutaneous tissues.2 An important 
exception to this growth/regression pattern is the group of rap-
idly involuting congenital hemangiomas (RICH), which are gen-
erally present in full at birth (or even detected prenatally), and 
non involuting congenital hemangiomas (NICH), which do not 
change size postnatally.3 Growth curves for these hemangiomas 
are illustrated in Figure 64-2. A subset of patients with RICH may 
have high-flow lesions with prenatal or postnatal high-flow char-
acteristics and/or transient coagulopathy4,5 (Fig. 64-3). Congenital 
nonprogressive hemangiomas have been shown by North et al. to 
be histologically and immunophenotypically distinct from classi-
cal hemangiomas of infancy and are speculated to have a differ-
ing pathogenesis.6 NICH-type lesions were found to have high flow 
clinically (as assessed by Doppler), and inferred histologically, in 
that small arteries were seen shunting into lobular vessels or abnor-
mal veins.7 Another subtype of hemangiomas are those with mini-
mal or arrested growth, presenting as areas of telangiectasia with 
peripheral bulkiness. In one series, the majority of this type of hem-
angioma was present on the lower extremities.8

Typical hemangiomas are known to be most common in 
females, premature infants, and in the facial region. Results of 
the multicenter Hemangioma of Infancy Study of over 1000 chil-
dren with hemangiomas showed an increased incidence in white  
non-Hispanic infants, multiple gestations, infants born to older 
mothers, and in association with placenta previa and/or pre-
eclampsia.9 Other studies have shown (1) a threefold increased 
risk of hemangiomas in infants born to mothers who had trans-
cervical chorionic villous sampling compared to amniocente-
sis (the incidence of hemangiomas in the amniocentesis group 
was equivalent to the incidence of hemangiomas in the general 
population)10,11 and (2) a correlation with placental anomalies 
with abnormal uteroplacental circulation.12,13 Waner et al. noted 
a nonrandom distribution of facial hemangiomas and found 
two  patterns of growth: focal lesions (in 76.3% of the 205 patients 
assessed) and diffuse lesions (in 23.7%). The focal hemangiomas 

correlated to 22 sites of occurrence, all near lines of mesenchymal 
or mesenchymal-ectodermal embryonic fusion. The diffuse heman-
giomas were in a segmental distribution and were specified as fron-
tonasal (27%), maxillary (35%), or mandibular (38%). There was a 
threefold increased incidence of ulceration in patients with diffuse 
hemangiomas compared to that in patients with focal hemangio-
mas.14 Haggstrom et al. expanded the observation of nonrandom 
distribution, designating four primary segments (Seg1-Seg4) to cor-
respond with cutaneous location15 (Fig. 64-4). Large hemangioma 
size, facial location, and/or segmental hemangiomas were more 
likely to require medical intervention.16 Segmental hemangiomas 
can be associated with a higher incidence of PHACE(S) syndrome, 
visceral hemangiomas, and underlying lumbosacral anomalies 
(e.g., occult spinal dysraphism, including lipomyelomeningocele 
with tethered cord).17–20PHACE(S) Association is an acronym for 
posterior fossa structural malformations, hemangiomas (segmen-
tal), arterial anomalies, cardiac defects, eye abnormalities, (and 
sternal and other midline deformities)21 (Fig. 64-5). A patient with 
a segmental hemangioma and one or more of these criteria has 
PHACES. In one series, approximately one third of patients with 
facial segmental hemangiomas were found to have PHACES, those 
at higher risk having large hemangiomas involving more than one 
anatomical segment, and in the frontonasal or frontotemporal dis-
tribution. Of those with PHACES, most (90%) had more than one 
extracutaneous finding (most commonly CNS arteriopathy or car-
diac anomaly).22 Similarly, Oza et al. observed that patients with 
large facial segmental cutaneous (Seg1-Seg4) hemangiomas were 
especially at risk of CNS structural and cerebrovascular anoma-
lies, those with Seg1 distribution hemangiomas had a higher inci-
dence of ocular anomalies, and those with Seg3 distribution had 
airway, ventral, and cardiac anomalies. In this series, all patients 
with CNS structural anomalies had concomitant CNS arteriopa-
thies. Also identified were supratentorial CNS anomalies (cortical 
dysgenesis and migration abnormalities). Arteriopathies are most 
commonly dysplastic vessels with an aberrant course involving 
the internal cerebral artery and its embryonic branches ipsilateral 
to the side of the cutaneous hemangioma.23 Hypoplasia, agenesis, 
or absence of normal arteries can also occur. In one review, some 
20% of patients had arterial occlusions and stenoses.24 Progressive 
changes can lead to aneurysm formation.23

Most hemangiomas are asymptomatic and require no therapy. 
Despite this clinical course, hemangiomas nonetheless may be 
the source of significant psychosocial morbidity (although this 
has not been well studied). Early intervention may be consid-
ered to prevent morbidity and/or preclude the need for future 
surgery. Hemangiomas may cause complications requiring medi-
cal therapy to catalyze the involution phase. These complications 
may include obstruction of the upper airway, ophthalmological  
disturbances, ulceration or bleeding, persistent soft-tissue defor-
mity, cerebral vasculopathy, and/or high-output congestive heart 
failure (CHF); all are discussed below.

Kasabach-Merritt Phenomenon, Kaposiform 
Hemangioendothelioma, and Tufted Angioma
Trapping of platelets and other blood elements (Kasabach-Merritt 
phenomenon) has been known to occur in association with a sub-
set of vascular anomalies since it was first described in 1940.25 
This is an extremely important diagnosis because early detection 
and rapid evaluation and treatment (if clinically symptomatic) are 
essential. Kasabach-Merritt phenomenon is not associated with 
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common hemangiomas of infancy, but with kaposiform heman-
gioendothelioma (KHE) or tufted angiomas.26,27 On examination, 
the lesion is often edematous, boggy, and ecchymotic (Fig. 64-6). 
Anatomical predilection is for the chest wall and shoulder, groin 
extending down the leg, retroperitoneum, or face. Gender distribu-
tion tends to be equal. Hematological features of Kasabach-Merritt 
phenomenon include thrombocytopenia, hypofibrinogenemia, 
elevated fibrin degradation products, and D-dimers. Radiological 
hallmarks of KHE are cutaneous thickening, diffuse enhancement 
with ill-defined margins, small feeding/draining vessels, strand-
ing, and hemosiderin deposits. The histological features of KHE 
are spindled ECs resembling Kaposi sarcoma (but not associated 
with human immunodeficiency virus [HIV] infection), abnormal 
lymphatic-like vessels, microthrombi, hemosiderin, and decreased 
mast cells and pericytes (which are often seen in hemangiomas). 
There may be residual tumor after resolution of hematological 
abnormalities, and radiological studies often demonstrate persis-
tent vascular tumors. Residua of KHE-associated tumors may be 
dormant vascular tumors rather than scars. Clinically as well as  
histologically, they differ considerably from involuted hemangio-
mas. A subset of patients with KHE do not have an associated coag-
ulopathy.28 Treatment of KHE is not standardized but depends on the 
morbidity, location, and radiological features. Multimodal therapy 
may include steroids, chemotherapy (most commonly  vincristine), 

interferon (IFN), antifibrinolytic agents, antiplatelet agents, and/or 
embolization. Diffuse intramuscular involvement often makes sur-
gery not an option. Treatment with Rapamune (sirolimus) has been 
reported in one case2,29 and is currently being studied in a clini-
cal trial (http://clinicaltrials.gov/ct2/show/NCT00975819?term= 
sirolimus&rank=82; see Table 64-4).

Box 64-1B  Updated ISSVA Classification of 
Vascular Anomalies

Vascular Tumors
infantile hemangiomas:

Congenital hemangiomas
RiCH
niCH

Tufted angioma (± Kasabach-merritt's syndrome)
Kaposiform hemangioendothelioma (± Kasabach-merritt's syndrome)
spindle cell hemangioendothelioma
other rare hemangioendotheliomas (epithelioid, composite, retiform, 

polymorphous, dabska tumor, lymphangioendotheliomatosis, etc.)
Acquired vascular tumors (pyogenic granuloma, targetoid hemangioma, 

glomeruloid hemangioma, microvenular hemangioma, etc.)

Vascular Malformations
Cm
Port-wine stain
Telangiectasia
Angiokeratoma
Vm
Common sporadic Vm
familial cutaneous and mucosal venous malformation (VmCm)
GVm (glomangioma)
Blue rubber bleb syndrome
maffucci's syndrome
lm
fast-flow vascular malformations:
Am
AVf
AVm
Complex-combined vascular malformations: CVm, Clm, lVm, ClVm, 

AVm-lm, Cm-AVm

from Enjolras o, Wassef m, Chapot R: Color atlas of vascular tumors and vascular 
malformations, Cambridge, 2007, Cambridge university Press.

A, arterial; AVf, arteriovenous fistula; AV, arteriovenous; C, capillary; G, glomovenous; 
issVA, international society for the study of Vascular Anomalies; l, lymphatic;  
m, malformation; niCH, noninvoluting congenital hemangioma; RiCH, rapidly involuting 
congenital hemangioma; V, venous.

A B

FIGURE 64-1 Hemangioma of 
infancy. A-B, Sequential photos of 
infant who developed aggressive 
proliferative hemangioma with 
ophthalmo logical as well as cosmetic 
issues. In early phases (A), this lesion 
is not easily differentiated from a 
capillary malformation.

Proliferative Nonmalignant* Vascular Lesions  
and Tumors
Hemangiomas of infancy:

Rapidly involuting congenital hemangiomas of infancy (RiCH)
noninvoluting congenital hemangiomas of infancy (niCH)

Kaposiform hemangioendothelioma
Tufted angioma
Pyogenic granuloma
Kaposi sarcoma

Static Vascular Lesions (Vascular Malformations)
simple or combined
Arteriovenous
Capillary
Venous
lymphatic

Box 64-1A  Functional Classification of Vascular 
Anomalies

*mitotic figures absent or rare.



792

CH 
64

Tufted angioma, first described in the late 1980s, is a benign 
vascular tumor typified by tufts of capillaries in the dermis. The 
clinical appearance ranges from erythematous indurated annular 
nodules to plaques, with or without hypertrichosis (Fig. 64-7). They 
commonly occur on the trunk and extremities, and they may be 
associated with Kasabach-Merritt phenomenon. Chu et al. suggest 
that KHE and tufted angioma may represent a continuum; they 
report a case of transformation between both tumors within a sin-
gle patient.30

Pyogenic Granuloma
Pyogenic granuloma (also termed lobular capillary hemangioma) 
is an acquired vascular lesion of the skin and mucous membranes 
seen in pediatric patients (Fig. 64-8). The lesions have a cervicofa-
cial propensity but can also be located on the trunk or extremities. 
The majority occur on the skin, and less frequently the mucous 
membranes (oral cavity and conjunctivae). These lesions are 
small and papular and tend to bleed. Treatment includes: (1) exci-
sion and linear closure, (2) shave excision, (3) cauterization, (4) 
cryotherapy, (5) carbon dioxide (CO

2) or pulsed dye laser, or (6) 
sclerotherapy.31

Kaposi Sarcoma
Kaposi sarcoma is a neoplasm commonly but not exclusively seen 
in patients with acquired immunodeficiency syndrome (AIDS).32,33 
It is an unusual vascular neoplasm originally described in 1872. The 
clinical appearance begins as violaceous macules that progress to 
plaques and papules and then nodules. Kaposi sarcoma is thought 

S
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e
Age

Prenatal

1st 2nd 3rd 1 year

RICH

NICH

Infantile Hemangioma

2 years 3 years

Birth Postnatal

FIGURE 64-2 Growth curves for 
infantile hemangioma, rapidly 
involu ting congenital hemangioma  
(RICH), and nonin voluting cong-
enital heman gioma (NICH). (From 
Mulliken J, Enjolras O: Congenital 
hemangiomas and infantile heman
gioma: missing links. J Am Acad 
Dermatol 50:875–882, 2004; used with 
permission.)3

A B C

FIGURE 64-3 Rapidly involuting congenital hemangioma (RICH). RICH of thigh with ulceration (A) and during natural involution (B). C. RICH of chest wall 
will high-flow component necessitating inotropic agents, intubation, and embolization. Infant had transient coagulopathy. Notice circumferential halo in both cases.

1

4

2

3

FIGURE 64-4 Distribution patterns of facial segmental hemangiomas. 
(From Haggstrom AN, Lammer EJ, Schneider RA, et al: Patterns of infantile hemangiomas: 
new clues to hemangioma pathogenesis and embryonic facial development.  
Pediatrics 117:698–703, 2006.) Reproduced with permission, copyright by the AAP.
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to be multifocal rather than metastatic, with multiple lesions occur-
ring simultaneously at different anatomical locations. Histological 
features include spindle cells and ECs with rare mitotic figures. 
Evidence indicates that Kaposi sarcoma is monoclonal, although 
these data are conflicting. A novel human herpesvirus known as 
Kaposi sarcoma–associated herpesvirus (KSHV), or human her-
pesvirus type 8 (HHV8), has been identified in Kaposi sarcoma 
tissue, supporting a viral etiology. Growth factors and cytokines 

are also believed to be involved in Kaposi sarcoma development. 
Therapies directed against Kaposi sarcoma include antiviral agents, 
antiangiogenic drugs, and immunosuppressive agents. Recent stud-
ies show the effectiveness of antiretroviral therapy suppressing 
HIV/AIDS-associated Kaposi sarcoma growth.34

Vascular Malformations
Vascular malformations are present at birth and grow in parallel 
with the rate of growth of the child, with no propensity to sponta-
neous involution. They are due to developmental anomalies of the 

A B

FIGURE 64-5 Segmental heman-
giomas. Note beard distribution and 
Seg3 distribution (A). Patient also had 
subglottic hemangioma. B, Partial 
Seg1&2 hemangioma that extended 
to neck and back. Patient was also 
found to have PHACE (posterior fossa 
structural malformations, heman giomas 
[segmental], arterial anomalies, cardiac  
defects, eye abnormalities) arterio pathy.

A B

FIGURE 64-6 A, Kaposiform heman - 
gioendothelioma presenting with 
boggy diffuse mass, thrombo cytopenia, 
and coagulopathy. B, After several 
courses of vincristine therapy.

FIGURE 64-7 Tufted angioma on abdominal surface. Patient had 
Kasabach-Merritt phenomenon. Note site that was biopsied.

FIGURE 64-8 Pyogenic granuloma, an acquired vascular lesion often 
seen in children. Lesions are prone to bleeding.



794

CH 
64

vasculature and may involve one or several types of vessels (arter-
ies, veins, capillaries, or lymphatics). Vascular malformations are 
properly described according to the affected anomalous vascular 
channel. They can range from capillary malformations (commonly 
referred to as port-wine stains; Fig. 64-9) to large bulky growths that 
can distort the normal structures of the body and potentially lead 
to a high-output cardiac state (arterial malformations). Studies 
suggest that capillary malformations may be a result of abnor-
mal innervation of discrete capillary beds causing chronic focal 
vascular ectasia.35,36 In one study, nerve density was significantly 
decreased in biopsies of capillary malformations, as compared to 
uninvolved skin.37

Lymphatic malformations may cause focal or generalized 
lymphedema, depending on the magnitude of aberrant lym-
phatics (Fig. 64-10). Abnormal growth of lymphatic circulation 
encompasses overdevelopment (in lymphangiodysplasias, lymph-
angiomas, and lymphangiomatosis), underdevelopment of lym-
phatic vasculature, or both. Disorders of the lymphatic circulation 
are common, diverse, and often devastating in their functional 
consequences. Clinical issues common to lymphatic anomalies 
reflect the tendency of these malformations to develop: (1) local 

and systemic infections/cellulitis (infectious and aseptic); (2) leak-
age (e.g., superficial blebs, chylous ascites, chylothorax, peritonitis, 
pleural effusions); (3) malabsorption syndromes with significant 
metabolic consequences; (4) craniofacial distortion interfering 
with swallowing, airway, or causing significant visceral dysfunction; 
(5) recurrences or complications after surgery; and (6) swelling of 
the affected anatomy, with functional limitation.38

Syndromic Vascular Anomalies
There is a spectrum of vascular malformations with dysregulated 
skeletal/adipose/soft-tissue growth (Table 64-1). Klippel-Trénaunay's  
syndrome (capillary-lymphatic-venous malformation with ipsi-
lateral limb enlargement or hypoplasia, venous varicosities or 
developmental anomalies, or both ) is one of the most common 
peripheral vascular malformation syndromes (Fig. 64-11). Males 
and females are affected in equal proportion, and the lower limb 
is the most frequent site of the anomaly. In severe cases, there 
may be an accompanying bleeding diathesis characterized by a 
normal to slightly decreased platelet count, decrease in fibrino-
gen, and increased D-dimers and fibrin degradation products39 
(Fig. 64-12).

Sturge-Weber's syndrome includes a capillary malformation 
in the trigeminal distribution, intracranial angiomatosis and dys-
plasia, seizures, and glaucoma (see Fig. 64-9). Other examples of 
dysmorphic syndromes associated with vascular malformation 
are Turner's and Noonan's syndromes, Parkes Weber's syndrome, 
hereditary hemorrhagic telangiectasia (HHT), blue rubber bleb 
nevus syndrome (Fig. 64-13), Maffucci's syndrome, CLOVES syn-
drome (congenital lipomatous overgrowth, vascular malforma-
tions, epidermal nevi, spinal/skeletal anomalies or scoliosis), 
Proteus's syndrome, Bannayan-Riley-Ruvalcaba's syndrome, and 
Cowden's syndrome (see Table 64-1). Syndromes noted for CNS 
vascular anomalies include von Hippel-Lindau, ataxia-telangiecta-
sia, Sturge-Weber, and tuberous sclerosis; however, CNS and spinal 
arterial or venous anomalies are now known to occur in associa-
tion with a number of vascular anomalies.23,40–45

Dysmorphic syndromes associated with hemangiomas are pre-
do minantly associated with superficial segmental hemangiomas  
such as PHACES Association or sacral and/or genitourinary defects, 
associated with hemangiomas in the lumbar area.19,46

PTEN-Associated Hamartoma Syndromes
PTEN (phosphatase and tensin homolog protein) is a tumor sup-
pressor gene. Patients with a PTEN mutation are susceptible to can-
cers and warrant early and regular screening. Some patients with 
vascular anomalies (arteriovenous, lymphatic, venous) have the 
PTEN mutation, such as those with Cowden's and Bannayan-Riley-
Ruvalcaba's syndromes.47 A family history or presence of lipomas, 
thyroid disorders, tricholemmas, macrocephaly, and penile lentig-
ines may point to a PTEN mutation. Consultation with a genet-
icist and family screening for mutations is indicated, and early  

FIGURE 64-9 Capillary malformations. Patient has facial capillary 
malformation and Sturge-Weber's syndrome.

A B C

FIGURE 64-10 Lymphatic malformations of chest wall (A), tongue (B), and buttocks/leg (C).
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TABLE 64-1 Syndromic Vascular Anomalies and Genetic Information

NAME FEATURES OMIM

Blue rubber bleb nevus syndrome
Bean syndrome

Multiple small soft venous malformations on skin,  
gastrointestinal tract, elsewhere

112200

CLOVES syndrome Congenital lipomatous overgrowth, vascular malformations,  
and epidermal nevi, skeletal/spinal anomalies

612918

Gorham's syndrome
Gorham-Stout's syndrome
Cystic angiomatosis of bone, diffuse disappearing  

bone disease

Lymphangiomatosis, bony destruction 123880

Klippel-Trénaunay's syndrome Capillary, venous, ± lymphatic malformation, hypertrophy of the  
related bones and soft tissues ± atretic deep venous system  
of affected extremity

149000

Maffucci's syndrome (osteochondromatosis/ 
dyschondroplasia with vascular lesions)

Enchondromatosis and subcutaneous spindle cell  
hemangioendotheliomas, risk of chondrosarcoma, other  
malignancies including CNS

166000

Proteus' syndrome Gigantism (partial) of hands and feet, nevi, asymmetrical and  
disproportionate overgrowth, hemihypertrophy, macrocephaly,  
dysregulated adipose tissue, vascular malformations

176920

CM-AVM; CMC1
5q13-22
RASA-1 (RAS p21 protein activator 1) loss of function

Multifocal small macular CMs + AVM 608354

Venous malformations, multiple cutaneous and  
mucosal; VMCM

9p21
TIE2/TEK gain of function
AD (most are sporadic)

Focal venous dilation with sparse vascular smooth muscle cells,  
cutaneous, mucosal, ± underlying areas

600195

Hennekam syndrome
18q21.32
CCBE1
Collagen and calcium-binding EGF domain–containing protein 1

Intestinal lymphangiectasia, severe lymphedema, mental retardation 235510

Hypotrichosis-lymphedema-telangiectasia syndrome
HLTS
20q13.33
SOX18

Alopecia and/or areas of sparse hair, transparent skin, lymphedema, 
telangiectasia

607823

Lymphedema-distichiasis syndrome
16q24.3
AD or de novo
FOXC2 loss of function

Limb edema and double rows of eyelashes (distichiasis) ± other  
associated anomalies including cardiac, renal, vascular, CNS gene 
mutation

153400

Milroy's disease
5q35.3
AD, AR, or de novo
FLT4 vascular endothelial growth factor receptor 3; VEGFR3  

loss of function

Primary congenital hereditary lymphedema type Ia 153100

Lymphedema praecox
Meige's disease
Late-onset lymphedema

Hereditary lymphedema type II
Peripubertal onset

153200

Lymphangioleiomyomatosis
LAM
16p13.3, 9q34

Pulmonary (and extrapulmonary) lymphangiomyomatosis;  
female predominance, adult onset

606690

HHT
Osler-Weber-Rendu
AD
Loss of function
HHT type I 9q34.1
Endoglin (131195)
Part of TGF-β receptor complex
HHT type 2 12q11-q14
ALK1
Activin A receptor, type II-like kinase-1; ACVRLK1 cell surface  

receptor for TGF-β superfamily
HHT type 3 5q31.3-q32
HHT type 4 7p14
Juvenile polyposis/HHT syndrome; JPHT 18q21.1
SMAD4 tumor suppressor; mutations affect TGF-β signaling

Cutaneous, mucosal and visceral telangiectasias and AVMs, epistaxis, 
and gastrointestinal bleeding, ± pulmonary AV fistulas, hepatic, CNS, 
spinal AVM

HHT1: cerebral AVMs > pulmonary AVMs
HHT2: hepatic AVMs more common

187300
600376
601101
610655
175050

Continued
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screening for thyroid, breast, brain, gynecological, and other can-
cers should be initiated for all individuals with the PTEN muta-
tion.47,48 Tan et al. recommend screening for PTEN mutations in 
patients with vascular malformations and the described findings 
and/or multiple vascular anomalies with a characteristic angio-
graphic appearance, adipose-containing intramuscular lesions, 
and multiple intracranial developmental venous anomalies.40

Patients with Cowden's syndrome have typical skin growths that 
may resemble small, uniform, cutaneous and mucosal warts or skin 
tags, as well as macrocephaly and cognitive delay. Malignancies 

seen in patients with Cowden's syndrome are usually breast, thy-
roid, or endometrium. Additional findings are benign tumors, 
thyroid nodules, breast masses, and Lhermitte-Duclos' disease, a 
benign noncancerous brain tumor, which is pathognomonic. Often 
the suspicion of Cowden's syndrome begins with a family history 
of thyroid nodules, lipomas (benign fatty lumps), and/or cancers. If 
the family history and clinical spectrum (macrocephaly, hamarto-
mas, skin tag–appearing lesions) are present, the patient and fam-
ily should be referred to a genetics specialist for further discussion 
and blood testing for the presence of the PTEN mutation. Since not 

NAME FEATURES OMIM

Cutis marmorata telangiectatica congenita
CMTC
Macrocephaly-cutis marmorata telangiectatica congenita

Cutaneous reticulated mottling, telangiectasia, and  
phlebectasia, undergrowth or overgrowth of an involved  
extremity ± other anomalies

219250

Glomovenous malformation
GVM
AD
1p22-p21
Glomulin (601749)
FKBP (FK506 binding proteins)-associated protein, 48-KD; FAP48

Glomovenous malformations
Cutaneous venous malformations with glomus cells  

surrounding distended vein-like channels

138000

PHACES Association Posterior fossa brain malformations
Segmental facial hemangiomas
Arterial anomalies
Cardiac anomalies
Eye abnormalities
Sternal or midline anomalies

606519

Bannayan-Riley-Ruvalcaba
10q23.31
PTEN
Phosphatase and tensin homolog; tumor suppressor

Macrocephaly, multiple lipomas, vascular anomalies,  
pigmented macules of the penis

153480

Cowden's syndrome
10q23.31
AD
PTEN
Phosphatase and tensin homolog; tumor suppressor
PHTS

Macrocephaly, multiple hamartomas, cutaneous verrucous lesions,  
gingival/buccal papules, facial trichilemmomas, risk of breast/ 
thyroid/renal/endometrial malignancies, cerebelloparenchymal  
disorder VI (Lhermitte-Duclos' disease)

158350

TABLE 64-1  Syndromic Vascular Anomalies and Genetic Information—Cont'd

A B

FIGURE 64-11 A, Patient with 
Klippel-Trénaunay's vascular malfor-
mation syndrome complicated by 
leg-length discrepancy, asymmetrical 
foot size requiring custom orthotics, 
lymphopenia, and frequent septic 
episodes due to abnormal lymphatic 
communications. B, Patient with Klippel-
Trénaunay's vascular malformation 
syn drome, leg length discrepancy with 
cutaneous capillary malformation, and 
blebs prone to bleeding.
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all the mutations are available for testing, more sophisticated tests 
may be required if the initial test is negative and the patient/family 
fulfills the criteria for the disorder. Upon the suspicion or diagnosis 
of Cowden's syndrome, individuals should be placed in a cancer 
surveillance program to facilitate early detection and prompt refer-
ral for further evaluation and treatment.

Bannayan-Riley-Ruvalcaba's syndrome is characterized by mac-
rocephaly, noncancerous fatty masses (lipomas), vascular malfor-
mations, intestinal polyps, thyroid disorders, pectus excavatum, 
hyperextensible joints, proximal muscle abnormalities, and predis-
position to breast and thyroid cancers. Male patients have penile 
lentigines. Bannayan-Riley-Ruvalcaba's syndrome, which is often 
diagnosed in childhood, is also associated with mutations of the 
PTEN gene, thus the same guidelines hold true for patients sus-
pected of having this disorder, as well as their family members.

Prenatal Diagnosis of Vascular Anomalies
With the availability of improved techniques in fetal ultrasound 
and magnetic resonance imaging (MRI), prenatally diagnosed 
vascular anomalies are becoming increasingly recognized. Most 
prenatally diagnosed vascular lesions are vascular malformations. 
Vascular lesions detected prenatally are generally identified by 
asymmetrical limbs and/or high-flow lesions (e.g., arteriovenous 
malformations [AVMs]or high-flow RICH-type lesions).49 If symp-
tomatic in utero, such as high-flow vascular lesions compromising 
fetal hemodynamic status, prenatal therapy with maternal steroids 
or digoxin can be instituted. Maternal steroid therapy may be help-
ful in the management of fetal hemangiomas.50,51

Etiology of Hemangiomas and Vascular 
Malformations
Why do vascular anomalies occur? The simple answer is that they 
are due to many causes—mechanical, environmental, hormonal, 
and genetic—although no single etiology is thematic. Within 
the last several years, major research breakthroughs are unravel-
ing potential etiological factors leading to formation of vascular 
anomalies, as detailed in excellent reviews.52–55

A B

FIGURE 64-12 Patient with venous 
vascular malformation of left leg 
(A), with leg length discrepancy and 
extensive involvement, as noted 
on magnetic resonance imaging 
(MR) (B). Patient later developed knee 
contractures, pain, and coagulopathy.

A

B

FIGURE 64-13 Patient with blue rubber bleb nevus syndrome. Patient 
has large vascular malformation of neck and history of severe gastrointestinal 
bleeding due to similar vascular malformations in gastrointestinal tract.



798

CH 
64

As subtypes of hemangiomas with segmental cutaneous dis-
tribution and associated visceral anomalies became evident, 
researchers speculated involvement of neural crest–derived cells, 
further supported by identification of neural crest cell markers 
(neurotrophin receptor p75) in proliferating hemangioma tissue.56 
Several studies demonstrated markers for progenitor mesodermal 
stem cells (brachyury, GATA) or endothelial and hematopoietic 
cells (platelet endothelial adhesion molecule [PECAM]-1 [CD31]), 
intracellular adhesion molecule (ICAM)-3, bcl-2 gene expression, 
KDR+, CD133+, CD34+, endothelial precursor cells, lymphatic endo-
thelial hyaluronan receptor-1, von Willebrand factor (vWF), and 
Snrk-1 in hemangioma tissue.57–60 Constitutive activation of the 
endothelial tie-2 receptor and vascular endothelial growth factor 
receptor (VEGFR)-2-related signaling pathways have been identi-
fied in human hemangiomas of infancy.52,54,61

Clonality of ECs was demonstrated,62,63 and the potential role of 
ECs in hemangioma development elucidated.64–66 Bischoff et al. 
isolated hemangioma-derived stem cells, which unlike other pre-
cursor cells, grew in vitro and differentiated in vivo into cells with 
properties of hemangiomas, including the eventual presence of 
adipocytes, as seen in involuting  hemangiomas.2 Hemangiomas 
and placental vessels express common proteins including glu-
cose transporter (GLUT)-1.67 This discovery is of diagnostic util-
ity and spearheaded insights into placenta-based hypotheses. For 
example, Mihm and Nelson proposes a metastatic niche theory 
for hemangioma development, suggesting the placenta prepares 
hemangioma precursor cells that “home” to sites of hemangioma 
growth68 (Fig. 64-14). Proliferating hemangiomas have been shown 
to express VEGF-A as well as genes involved with nuclear factor 
(NF)-κB-related pathways.69,70

In addition, proapoptotic factors and appearance of adipocytes 
during the involution phase support a role for inflammation and 
immunoregulation in this process71 (Fig. 64-15). The vast majority of 
hemangiomas appear to be sporadic; however, familial cases har-
boring germline mutations of angiogenesis-related genes (VEGF2 
and tumor endothelial matrix marker [TEM8]) have been iden-
tified.72 A secondary somatic event appears to be necessary for 
hemangioma development. Box 64-2 summarizes features of hem-
angioma endothelial cells.

Genetics and Vascular Malformations
Newly identified genetic mutations are present in many heredi-
tary vascular anomalies, as are well-defined genetic mutations and 
inheritance patterns (see Table 64-1). Although modes of inheri-
tance are not consistently straightforward, genetic counselors 
have an increasing role consulting with patients and family mem-
bers. Furthermore, identification of genes associated with vascular 
anomalies has greatly contributed to the windfall of basic research 
studying the signaling mechanisms involved with these disorders.

The gene for hereditary lymphedema has been linked to distal 
chromosome 5q, an area where a VEGF-C receptor (FLT4) has been 
mapped. The FLT4 gene is a marker for lymphatic endothelium dur-
ing development, and VEGF-C receptor has been detected in lym-
phatic vasculature. Distichiasis is the presence of a second row of 
eyelashes arising from the meibomian glands of the eyelids. This can 
be inherited alone or as a component of lymphedema-distichiasis 
syndrome. Mutations in the FOXC2 gene (a forkhead, or Fox-box gene, 
coding for winged helix transcription factors) have been identified in 
the lymphedema-distichiasis syndrome.65 Additionally, Brooks et al.73 
identified the same mutation in patients with isolated distichiasis, 
suggesting that hereditary distichiasis and lymphedema-distichiasis 
may represent the same disorder with different phenotypic expres-
sion. Levinson et al. reported genotype-phenotype correlations, with 
FLT4 mutations associated with congenital lymphedema and FOXC2 
mutations in pubertal-onset lymphedema. Both groups had similar 
male and female penetrance.74

Mutations that are passed through the germline and predis-
pose family members to hemangioma development may also be 
involved in sporadic hemangiomas. Consistent with this  speculation, 

two recent studies indicate clonality,  demonstrating nonrandom 
X-inactivation and loss of heterozygosity.62,63 Further more, Walter et al. 
identified two unique somatic mutations of the VEGFR genes, VEGFR2 
(FLK1/KDR) and VEGFR3 (FLT4) in hemangioma specimens.63

Capillary malformations–arteriovenous malformations (CM-AVM) 
have been correlated with RASA-1 mutations, characterized by 
AVMs in the brain, limbs, or spine and evolving cutaneous capil-
lary malformations44,75,76 (Fig. 64-16). Mutations in the angiopoietin 
receptor TIE2/TEK, causing up-regulation of Tie-2, are associated 
with multifocal cutaneomucosal venous malformation (VMCM) 
with phenotypic heterogeneity.77–79

Clinical Issues
Clinical issues warranting evaluation and treatment of hemangio-
mas and vascular malformations can be found in Tables 64-2 and 
64-3, and clinical trials are listed in Table 64-4.

Facial Port-Wine Stains
When an infant has a macular vascular stain covering the trigemi-
nal distribution, the diagnosis may not initially be apparent. If the 
lesion remains static, the diagnosis is capillary malformation, and 
the child is at risk for Sturge-Weber's syndrome (dysmorphogen-
esis of cephalic neuroectoderm) and must be followed for devel-
opment of glaucoma, seizures, and developmental delay. The risk 
of ophthalmological sequelae is highest in patients with lesions 
located in the ophthalmic (or V1 trigeminal) cutaneous area. In 
one study, port-wine stains of the eyelids, bilateral distribution of 
the birthmark, and unilateral port-wine stains involving all three 
branches of the trigeminal nerve were associated with a signifi-
cantly higher likelihood of having eye or CNS complications, or 
both.80 Open studies assessing imaging, laser, epilepsy, and other 
assessments are listed at http://www.sturge-weber.org/research/
current-studies-seeking-participants.html.

Patients with segmental facial and upper trunk hemangiomas, 
especially of plaque-like quality, should be evaluated for PHACES 
Association, with (1) cervicofacial MRI evaluation for assessment 
of structural and vascular abnormalities, (2) magnetic resonance 
angiography (MRA) of brain, neck, and upper chest for identifica-
tion of arteriopathies, (3) cardiac evaluation, (4) ophthalmological 
evaluation, (5) thyroid function studies, and (6) thorough examina-
tion to assess for clefting or other anomalies (e.g., sternum, palate, 
midline supraumbilical raphe).

Airway Symptoms
Recurrent stridor with progressive worsening of symptoms (in an 
infant with or without cutaneous hemangiomas) should alert the 
physician to the possibility of a subglottic hemangioma. Definitive 
diagnosis is made by bronchoscopy with direct visualization 
of the airway. Orlow et al. reported increased risk of symptom-
atic airway hemangiomas in association with a distinctive cuta-
neous beard hemangioma distribution.81 However, even in the 
absence of cutaneous signs, one should also entertain this diag-
nosis. Controversies in management of subglottic hemangiomas 
include surgery (submucous resection); laser (CO2 vs. potassium 
titanyl phosphate [KTP]); oral propranolol; steroids (intralesional 
vs. systemic); and  interferon alpha (IFN-a) or tracheotomy, or both. 
Carbon dioxide or KTP laser may be helpful for noncircumferen-
tial subglottic hemangiomas.82

Periocular Vascular Anomalies
Periocular lesions present unique management problems. What is 
visible externally is the tip of the iceberg. Thus early radiological 
evaluation by MRI, ophthalmological evaluation, and follow-up are 
essential, since vascular lesions put patients at risk for blepharop-
tosis, amblyopia, strabismus, proptosis, optic nerve compression, 
and anisotropia. Early intervention is essential to minimize ocular 
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sequelae. Patients with PHACES or Sturge-Weber's syndrome must 
be monitored for glaucoma. PHACES patients may also have reti-
nopathies and other anomalies. Periocular hemangiomas belong 
to the class of hemangiomas that warrant close evaluation and 
early, active treatment because some have the potential to threaten 
or permanently compromise vision. Failure to do so can lead to 
severe and permanent visual disturbances by occluding the visual 
axis, compressing the globe, or expanding into the retrobulbar 
space.

Complications such as amblyopia, significant refractive errors, 
and strabismus are seen in up to 80% of patients with untreated 

periocular hemangiomas. Hemangioma size (>1 cm in largest 
diameter) and diffuse segmental hemangiomas were associated 
with amblyopia in one study,83 and prompt treatment resulted in 
reversal of ophthalmological sequelae.84 Thus, all children with 
periocular hemangiomas warrant early evaluation and serial  
follow-up by regular serial cycloplegic refractions performed by a 
physician skilled in retinoscopy of preverbal children. Therapies 
include patching of the contralateral eye, topical or systemic phar-
macotherapy, and/or surgery. Unique risks of intralesional steroids 
for periocular hemangiomas include central retinal artery occlu-
sion or iris depigmentation.85,86

Stem or
Progenitor cell

(a)

(b)

(d)

(c)

(e)

(f) (g)

(h)

Healthy bone

Pre-metastasis
niche

Metastasis niche

Reactivation

Metastatic lesion Dormant micrometastasis

Pre-metastasis niche
factors

Homing/Anchorage
factors

Pool of CSCs

Primary
tumor

Circulating
mCSCs

FIGURE 64-14 Metastatic niche theory of 
heman gioma development. (From Mihm MC, 
Nelson JS: Hypothesis: the metastatic niche theory can 
elucidate infantile hemangioma development. J Cutan 
Pathol 37:83–87, 2010; used with permission.)
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Hepatic Hemangiomas
Hepatic hemangiomas represent a special category. Although 
many hepatic hemangiomas are asymptomatic, a sub-
set carries a high morbidity and mortality rate. They may be 
solitary or multiple and may be seen in association with cuta-
neous hemangiomatosis or be an isolated finding. Even if 

radiologically extensive, the clinical spectrum ranges from 
asymptomatic to life threatening, with high-output CHF or  
profound consumptive hypothyroidism due to elaboration of 
type 3 iodothyronine deiodinase by the mass.87 Therapies include 
steroids, propranolol, interferon, embolization,  antifibrinolytic 
therapies, surgical resection, and liver transplantation, with incon-
sistent results.88

A B

DC

Proliferating Involuted
FIGURE 64-15 Adipocytes in hemangioma involution. Photographs 
and hematoxylin & eosin–stained frozen sections of resected proliferating 
hemangioma from 3-month-old child (A, C) and involuted hemangioma of 
7-year-old child (B, D). Note presence of adipocytes in involuted hemangioma. 
(From Yu Y, Fuhr, J, Boye, E, Gyorffy, S, Soker, S, Atalia, A, Mulliken, J, Bischoff. 
Mesenchymal Stem Cells and Adipogenesis in Hemangioma Involution. Stem 
Cells  2006;24:1605–1612.2 used with permission.)

Express
Glut-1, vascular endothelial growth factor (VEGf) receptors, Cd 31, Cd34, 

VEGf-A, β-fGf, iGf-2, Hif-1α, snrk-1, Tie-2, angiopoietin-2
markers for progenitor mesodermal stem cell (brachyury, GATA)
Endothelial and hematopoietic cell markers (platelet endothelial adhesion 

molecule [PECAm]-1; Cd31), intracellular adhesion molecule-2  
(iCAm-3), bcl-2 gene expression, KdR+, Cd133+, Cd34+

lymphatic endothelial hyaluronan receptor-1 (lYVE-1)
Angiotensin-converting enzyme (ACE) and angiotensin receptor 2 (ATR2)
Partially differentiated, resembling fetal endothelial cells in culture
Clonality

Intrinsic Vascular Endothelial Growth Factor 
Signaling
Calcitonin gene-related peptide (CGRP)–containing nerve fibers
increased TiE-2 expression/enhanced response to angiopoietin-1
mesenchymal cells
increased pericytes during involution
increased mast cells (produce tissue inhibitors of metalloproteinases [TimPs], 

interferon, transforming growth factor [TGf]-β during involution)

Endothelial Progenitor Cells or Stem Cells
monocyte chemoattractant protein-1 (mCP-1) in perivascular cells and 

monocytes; may recruit macrophages during proliferation

?Embolic Placental Cells?

Box 64-2  Summary of Properties of Hemangioma 
Endothelial Cells*

* summary of several reviews and manuscripts.

A B C

FIGURE 64-16 Arteriovenous malformation (AVM) with RASA1 mutation. A, AVM of arm noted at birth. Patient had thrill and bruit of right arm and high-
output cardiac failure. B, Magnetic resonance image (MRI) of patient. C, Angiogram. Patient was later found to have scattered multiple, small, macular, cutaneous red 
lesions, and RASA1 mutation was identified.
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CLINICAL FINDING RECOMMENDED TREATMENT

Hemangiomas
Segmental Distribution
Severe ulceration/maceration Encourage cleansing regimen twice daily

Sterile saline soaks/air drying/nonstick gauze
± Flashlamp-pulsed dye laser
± Oral propranolol
± Metronidazole gel
Analgesics

Bleeding (not Kasabach-Merritt's 
phenomenon)

Gelfoam (Pharmacia Pfizer, New York)/Surgifoam (Johnson & Johnson, Somerset, NJ)
Compression therapy
Kids QR Powder (Biolife Inc., Sarasota, FL)
± Embolization

Hemangioma with ophthalmological 
sequelae

Patching therapy as directed by ophthalmologist
Topical timolol maleate gel-forming solution (Merck & Co., Whitehouse Station, NJ) vs. oral propranolol vs. surgery

Subglottic hemangioma Propranolol ± KTP laser ± surgery
Tracheotomy if required

Kasabach-Merritt's phenomenon Corticosteroids, aminocaproic acid,  vincristine, ± chemotherapy, interferon alfa
± Embolization

High-flow hepatic hemangioma Propranolol or corticosteroids ± embolization ± chemotherapy, ± surgery, ± Synthroid
Transplantation

Vascular Malformations

Swelling If airway, consider tracheotomy vs. surgery
Massage, compression therapy
Look for source of infection and treat

Phlebolith Antiinflammatory agent

Limb-length discrepancy Shoe insert vs. epiphysiodesis vs. serial observation

Shoe-size discrepancy Wear two different shoe sizes
Epiphysiodesis vs. ray resection

Pain Evaluate for phlebolith or deep venous thrombosis
Analgesics
Anticoagulation if thrombosis
± Nerve block, ± sclerotherapy (if not thrombosis)

Recurrent infections/swelling Local hygienic care
Rotating oral antibiotic prophylaxis

Chylous ascites Drainage/low-fat diet/parenteral nutrition/albumin
± Immunoglobulin replacement

TABLE 64-3  Clinical Findings and Treatment of Hemangiomas and Vascular Malformations

CLINICAL FINDING RECOMMENDED EVALUATION

Hemangiomatosis—multiple small cutaneous 
hemangiomas

Evaluate for parenchymal hemangiomas, especially hepatic/CNS/gastrointestinal

Cutaneous hemangiomas in beard distribution Evaluate for airway hemangioma, especially if presenting with stridor

Facial hemangioma involving significant area of face Evaluate for PHACES
MRI ± contrast for orbital hemangioma ± posterior fossa malformation
MRA brain, neck to thoracic aorta
Cardiac, ophthalmological evaluation
Evaluate for midline abnormality—supraumbilical raphe, sternal atresia, cleft palate, thyroid abnormality
Evaluate thyroid function
MRA evaluation of craniocervical vessels for anomaly

Periocular hemangioma MRI ± contrast of orbit
Ophthalmological evaluation

Paraspinal midline vascular lesion Ultrasound (if <6 months of age) or MRI to evaluate for occult spinal dysraphism ± underlying vascular lesion

Thrill or bruit, or both, associated with hemangioma Cardiac evaluation and echo to rule out diastolic reversal of flow of aorta
MRI/Doppler of vascular lesion to evaluate flow characteristics

Large hemangioma, especially hepatic Ultrasound with Doppler flow
MRI ± contrast
Thyroid function studies

Preferential position (e.g., torticollis, flexure contracture) Consider physical therapy evaluation

Delayed milestones Consider side effect of corticosteroids (myopathy, weight related) or interferon (especially spastic 
diplegia), CNS issue, hearing assessment

TABLE 64-2 Significant Clinical Issues Warranting Evaluation of Hemangiomas

CNS, central nervous system; MRA, magnetic resonance angiography; MRI, magnetic resonance imaging.
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REGISTRIES SPONSOR LINK DETAILS

PHACES Patient Registry Texas Children's Hospital http://www.texaschildrens.org/ 
carecenters/dermatology/phace.aspx

National Lymphatic Disease and 
Lymphedema Registry

Lymphatic Research 
Foundation

http://lymphaticresearch.org/main.
php?menu=research&content= 
patient-reg-new

Registry for Vascular Anomalies 
Associated with Coagulopathy 
(VAC)

Medical College of 
Wisconsin

NCT00576888 Multifocal lymphangioendotheliomatosis with 
thrombocytopenia (MLT) or with a vascular  
anomaly with coagulopathy

Vascular Malformations and 
Abnormalities of Growth

Medical College of 
Wisconsin

NCT01105676 Two skin biopsies taken one time

Genetic Basis of Hemangiomas Medical College of 
Wisconsin

NCT00466375 Buccal smear or blood sample

Efficacy and Safety of 
Bevacizumab for the 
Treatment of Hemorrhagic 
Hereditary Telangiectasia 
(HHT) Associated with 
Severe Hepatic Vascular 
Malformations. Phase II Study 
(METAFORE)

Hospices Civils de Lyon NCT00843440 Age 18 to 70 years
5 mg/kg every 14 days, with a total of 6 injections
A two-phase Gehan method will be used, with a first 

phase designed to eliminate a noneffective  
treatment quickly and a second phase allowing 
assessment of efficacy

The Effects of Aldara 
(Imiquimod) as an Adjunct to 
Laser Treatment

University of Kentucky NCT00979550 Age 2 to 60 years
Randomized controlled double-blinded study
Unlabeled product (drug or placebo) applied to half 

of treated lesion beginning the night after laser  
surgery for 4 weeks

Combined Photodynamic and 
Pulsed Dye Laser Treatment of 
Port Wine Stains (PDT/PDL)

University of California, 
Irvine

NCT00556946 Age 18 years and older
Combine photodynamic therapy (verteporfin IV) and 

pulsed dye laser treatment

Combined Alexandrite and 
Pulsed Dye Laser Treatment  
of Port Wine Stain Birthmarks

University of California, 
Irvine

NCT00580944 Age 12 years and older

Propranolol in Capillary 
Hemangiomas 
(HEMANGIOMA)

University Hospital, 
Bordeaux

NCT00744185 <4 months old
Randomized double-blinded control study
Placebo vs. propranolol × 30 days (3 mg/kg/day × 

15 days and 4 mg/kg/day × 15 days) in  
nonendangering hemangiomas

Propranolol versus Prednisolone 
for Treatment of Symptomatic 
Hemangiomas

Children's Research 
Institute

NCT00967226 Randomized single blind
Drug: propranolol
0.5 mg/kg orally QID × 4-6 months
vs.
Drug: prednisolone
1 mg/kg orally BID × 4-6 months

TABLE 64-4 Clinical Trials

TITLE OF STUDY SITE
CLINICAL TRIALS.GOV

IDENTIFIER DETAILS

Phase 2 Study - Clinical Trial Assessing Efficacy 
and Safety of the mTOR Inhibitor Sirolimus 
in the Treatment of Complicated Vascular 
Anomalies

Children's Hospital 
Medical Center, 
Cincinnati

NCT00975819 Age up to 31 years
Kaposiform (hemangioendotheliomas, tufted  

angioma, capillary venous lymphatic 
 malformation, venous lymphatic malformation, 
microcystic lymphatic malformation,  
mucocutaneous lymphangiomatosis and  
thrombocytopenia, capillary lymphatic arterial 
venous malformations, PTEN overgrowth  
syndrome with vascular anomaly,  
lymphangiectasia syndromes)

Vascular Malformations and Abnormalities of 
Growth

Medical College of 
Wisconsin

NCT01105676 Skin biopsy of vascular malformation and of  
normal skin

Identification of genes

Registry for Multifocal 
Lymphangioendotheliomatosis with 
Thrombocytopenia (MLT)

Medical College of 
Wisconsin

NCT00576888 Buccal swab, tissue biopsy if available
Questionnaire, clinical information

A Pilot Study of Sirolimus (Rapamycin, Rapamune) 
in Subjects with Cowden Syndrome or Other 
Syndromes Characterized by Germline Mutations 
in PTEN

NCT00971789 Persons 18 years of age and older with Cowden's 
syndrome or other PHTS

Continued
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Hemangiomatosis
The child with multiple hemangiomas may have diffuse neonatal 
hemangiomatosis (DNH), a dermatosis with a graver prognosis, or 
benign neonatal hemangiomatosis. A subset of babies with numer-
ous (small) cutaneous hemangiomas is predisposed to parenchy-
mal hemangiomas, especially of the liver (also CNS, eye, pancreas, 
gastrointestinal tract, lungs, or other organs).

Ulcerating Lesions
Hemangiomas in mucosal (perineum, lip) or intertriginous areas 
or at pressure points (e.g., back) are prone to ulceration, gener-
ally during the proliferative phase.89 Local wound care may be 

adequate (e.g., metronidazole or other antibiotic cream, Vaseline 
gauze, hydrocolloid gels). If infected, topical or systemic antibiot-
ics, or both, are indicated. Other required therapies may be intral-
esional or systemic steroids or flashlamp pulsed dye laser. Topical 
Imiquimod90,91 and platelet-derived growth factor (PDGF)92,93 have 
been reported as successful therapies for ulcerated hemangio-
mas, but the latter carries a black box warning. Topical eosin was 
reported to be efficacious for ulcerated hemangiomas.94 Pain man-
agement can be achieved with topical and oral analgesics. Simple 
but helpful measures to comfort the infant with a painful ulcer-
ating hemangioma include twice-daily sitz baths, air drying, and 
 construction of foam rubber cushions with custom-designed cut-
out areas to relieve direct pressure on the painful area.

REGISTRIES SPONSOR LINK DETAILS

Nadolol for Proliferating Infantile 
Hemangiomas

The Hospital for Sick 
Children

NCT01010308 1 month to 1 year of age, with head and neck  
hemangiomas (not PHACES) with impending or 
documented morbidity, comparing to historical 
controls treated with propranolol

Topical Timolol 0.5% Solution 
for Proliferating Infantile 
Hemangiomas: a Prospective 
Double-Blinded Placebo-
Controlled Study

Oregon Health and 
Science University

NCT01147601 Randomized placebo controlled
Small uncomplicated infantile hemangiomas

Hemangioma Growth During 
the First 6 Months of Life

Mayo Clinic
Medical College of 

Wisconsin
University of California, 

San Francisco

NCT00911781 Age 3 months to 5 years
Retrospective review of serial photographs of 

hemangioma

Corticosteroids with Placebo 
versus Corticosteroids with 
Propranolol Treatment of 
Infantile Hemangiomas (IH)

Seattle Children's Hospital NCT01074437 Age up to 9 months
Prospective randomized double-blind study to  

compare the clinical efficacy of infantile  
hemangioma treatment using propranolol with 
corticosteroids vs. corticosteroids and placebo

Study to Demonstrate the Efficacy 
and Safety of Propranolol 
Oral Solution in Infants 
with Proliferating Infantile 
Hemangiomas Requiring 
Systemic Therapy (HEMANGIOL)

Pierre Fabre Dermatology NCT01056341 Age 35-150 days
Randomized placebo-controlled double-blind
Facial proliferating IH (target hemangioma) with 

a diameter of at least 1.5 cm, requiring systemic 
therapy

A Study of CCCTC-binding 
Factor (CTCF) in Infantile 
Hemangiomas

Yale University NCT00974129 Up to 1 year of age
One blood draw for genetic analysis of the genotype of 

CTCF, a transcription factor, in patients with infantile 
hemangiomas, to determine if the CTCF genotype is 
an early and reliable predictor of tumor growth

Genetic Analysis of PHACE 
Syndrome (Hemangioma with 
Other Congenital Anomalies)

Oregon Health and 
Science University

NCT01016756 Blood (4 mL) for lymphocyte cell lines and DNA and 
tissue collection from tissue that would otherwise 
be discarded after surgery

A Prospective Study Comparing 
the Incidence of Infantile 
Hemangiomas Following 
Normal Pregnancies versus 
Pregnancies Complicated by 
Placental Abnormalities

Rady Children's Hospital, 
San Diego

NCT00490607 Maternal serum and placental and cord blood  
samples will be obtained for each subject

Postnatally, if a hemangioma is diagnosed in the 
offspring, a blood sample form the infant will be 
obtained

Longitudinal Study of 
Neurologic, Cognitive, and 
Radiologic Outcomes of 
PHACE Syndrome

Medical College of 
Wisconsin

NCT01018082 Age 4-6 years
Cohort of 30 patients 4-6 years of age, define the 

functional and neurodevelopmental outcome of 
PHACE syndrome, and identify potential  biomarkers 
that predict progressive vasculopathy, ischemic 
stroke, and neurodevelopmental impairment

Thalidomide Reduces 
Arteriovenous Malformation–
Related Gastrointestinal 
Bleeding

Northport Veterans Affairs 
Medical Center

Medical College of 
Georgia

University of Massachusetts, 
Worcester

NCT00389935 Age 18 years and older

TABLE 64-4 Clinical Trials—Cont'd



804

CH 
64

Bleeding Associated with Coagulation and Other 
Abnormalities in Patients with Vascular Anomalies
As noted earlier, bleeding due to Kasabach-Merritt phenomenon 
(thrombocytopenia, hypofibrinogenemia, and increased fibrinoly-
sis) is often associated with KHE or tufted angioma. In addition to 
therapy directed toward the primary tumor, antifibrinolytic agents, 
antiplatelet agents, and heparin are helpful. A transient coagulo-
pathy may be seen in a subgroup of RICH-type lesions.5 Bleeding 
may occur with ulcerated hemangiomas. Topical hemostasis may 
be achieved with QR Powder, Surgifoam, or Gelfoam. Consensus 
guidelines have been established for management of hereditary 
hemorrhagic telangiectasia, including bleeding problems.95

Hemodynamic Sequelae
Rarely, hemangiomas may demonstrate transient high-flow func-
tionally (until they have undergone significant involution), mim-
icking AVMs. Hemangiomas with high flow are most frequently 
located in the liver. These lesions can lead to significant morbidity 
with high-output cardiac failure. Nonhepatic hemangiomas, prone 
to develop a high-flow component, include those involving the 
parotid gland, upper arm, chest wall, scalp, and (rarely) upper lip. 
These lesions appear to behave as transiently arterialized heman-
giomas. During this time, patients may have a failure to thrive–type 
picture, hyperdynamic precordium, tachycardia, bounding pulses 
with a widened pulse pressure, and a thrill/bruit over the heman-
gioma. These findings should alert the treating physician to moni-
tor the hemodynamic status of these patients by careful physical 
examination and frequent follow-up evaluation. RICH-type hem-
angiomas may have arterial flow diagnosed pre- or postnatally. 
Overall, a minority of patients develop high cardiac output states 
requiring intervention, including diuretics, inotropic agents, or an 
embolization procedure.

Orthopedic Concerns
Orthopedic issues associated with vascular anomalies involve 
those relating to limb-dimension discrepancies (e.g., limb length, 
hypertrophy, atrophy, macrodactyly, polydactyly, gigantism), scolio-
sis, and other less common orthopedic problems (e.g., foot and 
hand deformities, joint abnormalities). Limb-length discrepancies 
may be associated with quadriceps fatigue, hip and lower back 
pain, or secondary scoliosis. Serial assessment of limb-length data 
and bone ages at regular intervals is recommended. Interventions 
include shoe lifts or epiphyseodesis (surgical growth plate clo-
sure) for more modest discrepancies; however, for discrepancies 
predicted to be greater than 5 cm, or in patients who have already 
reached skeletal maturity, limb shortening and lengthening are the 
only options to equalize limb lengths.96 Macrodactyly and gigan-
tism may cause functional problems and difficulty with shoe fit. 
Therapeutic options include custom shoes, ray or digital resec-
tion for macrodactyly of the fingers or toes, debulking procedures, 
and amputation for severe and otherwise unmanageable cases of 
hypertrophy.96 These procedures include removal of subcutaneous 
fat and ray resection, removal of one or more metatarsals and the 
associated phalanges. Patients with vascular anomalies can also 
develop joint contractures due to a mass effect from the lesion. 
Physical therapy with stretching exercises may be adequate to 
relieve symptoms; however, direct sclerotherapy plus or minus sur-
gical excision may be required.

Gynecological Issues in Patients  
with Vascular Malformations
Some women with vascular anomalies have such severe menor-
rhagia that they undergo hysterectomy. Furthermore, pregnancy is 
not often seen as an option for women with severe vascular anom-
alies of the lower extremities, owing to exacerbation of leg swell-
ing, pain, and bleeding from the increased pressure of a gravid 

uterus. The normal physiological changes of pregnancy include 
increased plasma volume and cardiac output, increased venous 
pressure, leg edema, and venous stasis. Additionally, during preg-
nancy there is a 5.5 times increased risk of thromboembolism; 
this risk is augmented in patients with vascular anomalies, who 
already have an increased prothrombotic risk. Increased risk of 
thrombosis with oral contraceptives limits these patients’ choices 
of contraception. This is also an issue when oral contraceptives 
are considered to treat dysmenorrhea or other gynecological 
problems.97

Pregnancy for women with vascular anomalies, especially those 
in the lower extremities, may cause unique problems related to 
hormonal changes and compression of venous structures by the 
enlarging uterus. Preliminary data suggest that the risk of obstetric 
complications, especially preeclampsia and thrombotic events, is 
higher in women with vascular anomalies of the lower extremi-
ties.83 It is recommended that management of pregnancy be under 
the direction of an obstetrician who is aware of these risks. Therapy 
with daily injections of low-molecular-weight heparin (LMWH) dur-
ing pregnancy may prevent some prothrombotic complications.97 
In addition to pregnancy, other hormonal changes, such as those 
associated with puberty (in males or females) or the menstrual 
cycle, may present an increased risk of thrombosis within vascu-
lar lesions, necessitating medical intervention with anticoagulants.

Psychosocial Issues
Despite the benign clinical course of infantile hemangiomas in the 
majority of patients, and the tendency of these lesions to naturally 
involute, families of patients frequently undergo stress related to 
social interactions and medical care.98,99 Tanner et al. conducted 
interviews of parents of 25 children (5 months to 8 years of age) 
with facial hemangiomas.100 They found great variability in paren-
tal emotion regarding the lesion. However, support from extended 
family appeared to be an important factor in coping. Interactions 
with strangers were a major stress in the majority of cases. Oster 
studied mother-infant interactions, comparing facial expressions 
in infants with facial anomalies (including vascular anomalies) 
and controls, showing that affected infants were capable of effec-
tive emotional communication by showing a wide range of facial 
expressions.101 Earlier studies by this researcher recognized the 
role of maternal emotion on affective communication.

Contact with stable familiars (e.g., family members, friends,  
preschool) appeared to be the least stressful. Many families were 
dissatisfied with medical care for two reasons: (1) imprecise treat-
ment plans, which are inherent with the nature of many heman-
giomas, and (2) what the parents perceived as insensitivity on the 
part of physicians. Williams et al. assessed the psychological pro-
file of children with hemangiomas and their families in a survey 
distributed to parents of children with hemangiomas. The results 
suggested that the families, rather than the infants, experienced 
emotional and psychological distress.102

Contact with other families who are going through or have gone 
through the same experience enables families to see the light at 
the end of the tunnel of this curable disorder. In this sense, local 
family support groups organized at some medical centers, as well 
as national support networks and meetings, are increasingly pro-
viding the necessary stability for families and patients.

Psychosocial stress related to lymphedema is reviewed by 
Ridner.103 Although the focus of this review is primarily patients 
with cancer-related secondary lymphedema, the issues apply to 
patients with vascular anomalies and lymphedema as well. The 
Internet has played an enormous role in assisting the exchange 
of information, as well as enabling families and physicians to con-
nect with one another (Table 64-5). As the field becomes more 
familiar, older patients who had hemangiomas as infants and chil-
dren are becoming role models, publishing their experiences and 
speaking at meetings—further enforcing the optimistic outcome. 
Furthermore, adult patients with vascular malformations are net-
working with younger patients.
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Malignancies
Treatment-related secondary malignancies due to radiation or  
chemotherapy may arise in patients with vascular anomalies. 
Thyroid adenoma, thyroid carcinoma, angiosarcoma, or breast can-
cer may arise in patients who received radiation therapy (an out-
dated treatment) for cutaneous hemangiomas of infancy.104–106 Acute 
myeloid leukemia occurred in one case of severe hemangiomatosis 
treated with multiple medications including chemotherapy.107

Malignancies such as infantile fibrosarcoma, hemangioperi-
cytoma, rhabdomyosarcoma, glioma, neurofibroma, neuroblas-
toma, leukemia, and lymphoma in infants may mimic benign 
hemangiomas of infancy.108–117An atypical history and/or physical 
examination and/or a fixed nonmotile firm mass should alert the 
practitioner to obtain histological confirmation of the diagnosis.

Concomitant cutaneous hemangiomatosis with hepatic type 
2 infantile hepatic hemangioendothelioma (angiosarcoma) 
has been reported.118 Additional reports include cases of angio-
sarcoma in adulthood arising at sites of hemangiomas or vas-
cular malformations,119 as well as a case of metastatic hepatic 
lymphangiosarcoma in a child with multiple benign cutane-
ous and visceral capillary-lymphatic-venous malformations.108 
A higher rate of malignancies can also be seen in young 
adulthood in patients with PTEN hamartoma syndromes and 
Maffucci's syndrome.

Treatment of Hemangiomas
Cautious observation is recommended for the majority of heman-
giomas, providing there is no impending danger associated with 
the lesion. Various reviews and guidelines for treatment are avail-
able in the medical literature.86,120 Flashlamp pulsed dye laser is a 
therapeutic option for some cutaneous hemangiomas, especially 
in the early phase. Via selective photothermolysis, flashlamp pulsed 
dye laser selectively destroys superficial dermal vessels while spar-
ing surrounding tissue.121–125 Pulsed dye laser therapy may also be 
an effective means of treating ulcerated hemangiomas, although 
this remains controversial. Further information regarding laser 
therapy of subglottic hemangiomas is discussed later.

Previously, corticosteroids were the most common medication 
for proliferating hemangiomas necessitating medical  intervention. 
Along with reports supporting their use126,127 are concerns of undue 
side effects such as hypertension, pseudotumor cerebri, and 
Pneumocystis carinii pneumonia,128–130 as well as iris depigmen-
tation, failure to thrive, adrenal suppression, cellulitis, and retinal 
artery occlusion with intralesional use.85,131–135

Steroid therapy has been supplanted by oral propranolol, a non-
selective β-blocker. In 2008, Leaute-Labreze et al. serendipitously 
noted a dramatic effect of propranolol as a treatment for prolif-
erating infantile hemangioma.136 Two patients who were treated 
with oral corticosteroids developed cardiac issues necessitating 
treatment with propranolol. An immediate improvement in the 
hemangiomas led to a pilot study that confirmed this perceptive 
observation. This has revolutionized therapy for infantile heman-
gioma warranting treatment, and since then several papers have 
been published, the majority documenting its efficacy.137–141 Topical 
β-blockers have also been shown to catalyze involution of superfi-
cial hemangiomas.142,143

Side effects are cool extremities, gastrointestinal symptoms, 
hypotension, and bradycardia, with rare but significant reports of 
hypoglycemia.144–146 The medication should be held during inter-
current illnesses associated with diminished oral intake and/or 
respiratory symptoms, as well as prior to any procedures where the 
child will be fasting.147

The mechanism of propranolol-induced involution is under 
investigation. Inhibition of (1) proliferation (via G0/G1 cell 
cycle arrest) and chemotactic mobility and differentiation of 
cultured endothelial cells, and (2) VEGF-induced phosphory-
lation of VEGFR-2 and other angiogenesis-related pathways 
were demonstrated by Lamy et al.148 Itinteang et al. identified 
 angiotensin-converting enzyme (ACE) and angiotensin recep-
tor 2 (ATII) in proliferating hemangioma cells, and suggest a 
propranolol-induced effect on the renin-angiotensin system of 
proliferating infantile hemangiomas,149 as shown in Figure 64-17. 
Other putative mechanisms involve vasoconstriction result-
ing from decreased nitric oxide (NO) release, cyclic adenosine 
monophosphate (cAMP)-induced inhibition of VEGF- and fibro-
blast growth factor (FGF)-β-induced EC proliferation, or induc-
ing apoptosis.150,151

Ulcerated hemangiomas may respond to oral propranolol152; 
however, local management with various medications has been 
used. Recombinant PDGF has been effective for ulcerated hem-
angiomas, but a black box warning asserting a higher incidence 
of cancer fatality in adult patients who used three or more tubes 
of this medication limits its use (http://www.ncbi.nlm.nih.gov/
pubmedhealth/PMH0001057).92,93 Various combinations of local 
and systemic therapies for ulcerated hemangiomas are included 
in the reviews noted earlier. Topical or systemic antibiotics may 
be warranted for superinfected ulcerated hemangiomas. Topical 
and/or systemic analgesics, as well as hemostatic agents (e.g., 
Kids QR Powder, Biolife Inc., Sarasota, Fla.) for bleeding, may 
also be needed. A study by Lapidoth et al. demonstrated topi-
cal application of eosin, a  triphenylmethane dye traditionally 
used as a topical antibiotic and for treatment of diaper derma-
titis, hastened healing of ulcerated hemangioma. In vitro studies 
 demonstrated angiotensin (Ang-2) messenger  ribonucleic acid 

PROGRAM WEBSITE

Medline Plus www.medlineplus.gov

Genetics Home Reference http://ghr.nlm.nih.gov/

About Face http://www.aboutfaceinternational.
org

Arkansas Children's Hospital Vascular 
Anomalies Program

http://www.birthmarks.org

Boston Children's Hospital Vascular 
Anomalies Program

http://web1.tch.harvard.edu

Children's Hospital of Wisconsin http://www.chw.org

Cincinnati Children's Hospital 
Vascular Anomalies Program

http://www.cincinnatichildrens.org/
svc/prog/vascular

http://ghr.nlm.nih.gov

Hereditary Hemorrhagic 
Telangiectasia (HHT) Foundation 
International

www.hht.org (includes link to: 
International Guidelines for the 
Diagnosis and Management of 
HHT J Med Genet 2009))

Klippel-Trénaunay Foundation http://www.ktfoundation.com/

Klippel-Trénaunay Support Group http://www.k-t.org/

Lymphatic Research Foundation http://www.lymphaticresearch.org/

Lymphatic Disorders http://www.littleleakers.com/

National Foundation for Facial 
Reconstruction

http://www.nffr.org/

National Lymphedema Network http://www.lymphnet.org/

National Organization for Rare 
Diseases

http://www. rarediseases.org

National Organization of Vascular 
Anomalies

http://www.novanews.org

Proteus Syndrome http://www.proteus-syndrome.org

Sturge-Weber Foundation http://www.sturge-weber.com

UCSF Vascular Anomalies Program http://dermatology.medschool.ucsf.
edu/

Vascular Birthmarks Foundation http://www.birthmark.org

TABLE 64-5 Web Resources for Patients and Physicians
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(mRNA) suppression in cultured ECs.94 Other agents include topi-
cal Imiquimod,90,91 IFN, and vincristine. Interferon alpha was used 
in the 1990s, with improvement of endangering hemangiomas, 
but use of this agent has fallen out of favor, primarily because of 
concerns about potential neurotoxicity.153–155 Vincristine has been 
used for problematic hemangiomas, but the necessity for indwell-
ing intravenous (IV) access and potential toxicities limit its use for 
straightforward hemangiomas.156

Recently, Lazaridou et al. reported treatment of six patients 
with superficial vascular lesions with topical tacrolimus or 
pimecrolimus, calcineurin inhibitors.157 Although the cases are 
listed as hemangiomas based on the age of the patients, results, 
and photographs, some of these patients may have had vas-
cular malformations. Calcineurin activates NFATCA (nuclear 
factor of activated T cell, cytoplasmic), leading to interleu-
kin (IL)-2 expression and T-cell activation. Calcineurin inhibi-
tors block this activation pathway. The Down syndrome critical 
region 1 (DSCR1) gene provides endogenous feedback inhibi-
tion of the calcineurin/VEGF-mediated NFAT signaling pathway 
in ECs.158,159

Surgery
Indications for and timing of surgery for hemangiomas remain 
controversial. Some surgeons prefer to defer surgery until  
the hemangioma has undergone substantial involution, with the 
rationale that the surgery will be less complex and esthetically 
more favorable. Other surgeons advocate early intervention to 
possibly prevent medical complications or avert psychological 
stresses on the patient and/or family. In any case, a well-planned 
strategy with medical, laser, and surgical management decisions 
discussed amongst multidisciplinary physicians can provide 
excellent results.160–171 Surgical techniques are not discussed in 
this chapter.

Treatment of Vascular Malformations
Because vascular malformations represent a more chronic condi-
tion and fewer specific therapies are available for it, a more sup-
portive approach is often taken (see Tables 64-2 and 64-3). The 
general rule is, “If it's not broken, don't fix it.” If there are no clin-
ical symptoms, alert observation is often adequate. Patients with 
venous vascular malformations (see Fig. 64-12) often experience 
painful episodes—this is often in conjunction with a phlebolith, or 
local clot. Therapy with ibuprofen usually suffices. Bleeding from 
cutaneous blebs may respond to laser cauterization. More severe 
 bleeding from the genitourinary tract may require a combined 
approach with angiography-guided embolization, laser, or sclero-
therapy. Large symptomatic thromboses may require anticoagu-
lation, as might the coagulopathy associated with severe cases. 
Marimastat, a matrix metalloproteinase (MMP) inhibitor, provided 
symptomatic relief and reversed bony destruction in a child with 
intraosseous AVM.172 The clinical trial Safety and Efficacy Study of  
Sirolimus in Complicated Vascular Anomalies is assessing the effec-
tiveness and safety of the mammalian target of rapamycin (mTOR) 
inhibitor, rapamycin, in the treatment of children and young adults 
diagnosed with complicated vascular anomalies (http://clinicaltrials. 
gov/ct2/show/NCT00975819).

Patients with arterial and venous abnormalities must be cau-
tioned about triggers. Quiescent vascular anomalies may become 
more problematic secondary to local trauma, infections, or hor-
monal fluctuations such as puberty, menstruation, and pregnancy. 
These changes usually manifest as increased fullness of the mal-
formation as well as pain. The etiology of these difficulties is not 
clearly understood, but in the hormonally mediated settings it is 
likely related to hormonal stimulation of EC surface receptors. Use 
of hormonal birth control can elicit undesirable thromboses and/
or pain, thus alternative means of contraception are advised.

Lymphatic malformations are among the most frustrating cases 
encountered. Evaluation of patients with lymphedema involves 
physical examination and radiological studies including lympho-
scintigraphy for extremity involvement. Lymphatic abnormali-
ties involving the mouth and gastrointestinal tract are prone to 
infection, so patients with lymphatic malformation in these sites 
benefit from diligent oral hygiene and, occasionally, rotating pro-
phylactic antibiotic regimens. Microcystic lymphatic malforma-
tions of the head and neck may respond well to sclerotherapy 
(doxycycline, bleomycin, picibanil) or surgery, or a combined 
approach.173 Picibanil (OK-432) is a sclerosing agent derived from 
a low- virulence strain of Streptococcus pyogenes. A multicenter 
prospective nonrandomized trial demonstrated the efficacy 
of picibanil in the treatment of macrocystic cervicofacial lym-
phatic malformations, and the results were corroborated by fur-
ther reports.174–176 Breakthroughs in the embryology and biology 
of lymphatic vasculature provide insights into the therapeutic 
potential for lymphangiogenesis with lymphangiogenic growth 
factors (e.g., VEGF-C).177,178

Therapy is generally supportive, with hygienic skin care, sclero-
therapy when possible, complete decompressive physiotherapy 
with compression bandaging, and intermittent pneumatic com-
pression (IPC) therapy.179,180 Rockson and Mayrovitz provide 
detailed reviews of these therapies.181,182 To date, pharmacologi-
cal intervention (other than antibiotics when indicated) has not 
been fruitful. Liposuction for lymphedema has been successful 
in selected patients with recalcitrant disease.183 Future molecular-
based therapies may evolve from laboratory studies, such as those 
that demonstrated VEGF-C, a lymphatic growth factor, improved 
lymphedema in a mouse model.184
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FIGURE 64-17 Proposed model for mechanism of action of 
propranolol via effect on renin-angiotensin system on hemangioma 
endothelial cell (EC) proliferation and differentiation. Proliferating 
hemangiomas were shown to express angiotensin-converting enzyme (ACE) 
and angiotensin receptor 2 (ATR2). Premature infants, Caucasians, and females 
(groups with predilection to hemangiomas) have high renin levels, contributing 
to ATII production. Propranolol, by inhibiting renal renin production, blocks 
this process.  EC, endothelial cell; VEGF, vascular endothelial growth factor.  
(From Itinteang T, Brasch HD, Tan ST, Day DJ: Expression of components of the renin
angiotensin system in proliferating infantile haemangioma may account for the 
propranololinduced accelerated involution. J Plast Reconstr Aesthet Surg 64:759–
765, 2011; used with permission.)
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AAA. See Abdominal aortic aneurysm (AAA).
AAD (acute aortic dissection), CT angiography 
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Aagenaes syndrome, 700
AAI (ankle-arm index), 211
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of Trauma Organ Injury Scale), 746, 746t
Abciximab

for acute ischemic stroke, 380
for acute limb ischemia, 564–565
for Kawasaki disease, 552
pharmacology of, 97
for prevention of arterial thrombosis, 135

Abdominal aorta
angiography of, 200–201, 201f
CT angiography of, 191–192

clinical applications of, 191–192, 192f, 193f
technical considerations in, 191

MR angiography of, 178, 178f
palpation of, for peripheral artery disease, 233
trauma to, 746–747
ultrasonography of, 156–157, 156f, 157f

Abdominal aortic aneurysm (AAA), 461–463
clinical history of, 471
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endovascular therapy for, 493–505

anatomical requirements for, 493–495, 494f, 
495f
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for iliac arteries, 494–495, 495f
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delivery system in, 495
endograft(s) in
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503f
migration of, 500
placement of, 496–497
for small aneurysms, 501–502
special, 496, 496t, 497f

indications for, 493
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vs. open surgery, 501
postoperative management in, 496–497
problems with, 497–500
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graft migration as, 500
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limb thrombosis as, 499–500
structure failure as, 499, 499f

for ruptured aneurysms, 502
imaging of, 473–477, 473t

abdominal roentgenography for, 473
contrast angiography for, 477, 477f
CT angiography for, 191–192, 192f, 193f
CT for, 475, 475f, 476f
MR angiography for, 178, 178f, 475–477, 476f
ultrasonography for, 157, 157f, 474–475, 474f

life expectancy with, 480–481

Abdominal aortic aneurysm (AAA) ( Continued)
palpation of, 147, 147f
physical examination for, 471–473, 472f, 472t
prevalence of, 461, 461t
prognosis for, 462–463, 463f
risk factors for, 461–462
rupture of, 472–473

endovascular treatment for, 502
mortality rate for, 479

screening and surveillance for, 473
surgical repair of, 479–492

anesthesia for, 483
with associated arterial disease, 487
complications of, 487–489, 488t
decision making for, 479, 481
functional outcome for, 489
incision for, 483–487, 484f, 485f
long-term survival after, 489–490
operative risk for, 480, 480t
perioperative management for, 482–483
preoperative assessment for, 481–482
retroperitoneal approach for, 487
techniques for, 482–487
transperitoneal approach for, 484–487, 486f, 

487f
Abdominal aortic dissection

CT angiography of, 191
MR angiography of, 178

Abdominal aortic occlusion, MR angiography 
of, 178

Abdominal aortography, 200–201, 200f, 201f
Abdominal magnetic resonance venography, 

181, 181f
Abdominal roentgenography, for aortic 

aneurysms, 473
Abdominal ultrasound, of abdominal aorta, 

156–157, 156f, 157f
Abdominal vascular examination, 147, 147f
Abdominal vascular injuries, 744–749

to abdominal aorta, 746–747
to celiac axis, 747
clinical presentation and evaluation of, 

744–745
diagnostic imaging of, 745
iliac vessel, 748, 748f
to inferior mesenteric artery and vein, 747
to inferior vena cava, 748–749
operative management and damage control 

for, 745–746, 746t
portal vein, 749
renovascular, 747–748
retroperitoneal hematomas due to, 745
to superior mesenteric artery and vein, 747, 

747t
Abdominal vessels, MR angiography of, 176–178
Abduction and external rotation (AER) test, 

758
Aberdeen Varicose Vein Questionnaire (AVVQ), 

640–642
ABI. See Ankle-brachial index (ABI).
ABPI (ankle-brachial pressure index), 211

Absolute claudication distance, 231
Absorbed dose, in CT, 186
ACA (anterior cerebral artery), angiography of, 

204, 206f
ACAS (Asymptomatic Carotid Atherosclerosis 

Study), 386
Accelerated hypertension, with renal artery 

stenosis, 288, 296
Acceleration index (AI), for renal artery stenosis, 

299–300
Acceleration time (AT), for renal artery stenosis, 

299–300
Accessory saphenous vein, 640f
Accunet filter, 398–399, 398f
Accupril (quinapril), pharmacology of, 90t
ACE (angiotensin-converting enzyme), in   

renin-angiotensin-aldosterone  
system, 88–89, 88f

ACE2, 89
Acebutolol (Sectral), pharmacology of, 86t
ACEIs (angiotensin-converting enzyme 

inhibitors), 89–90, 90t
for peripheral artery disease, 244–245, 245f
for renal artery stenosis, 310

Aceon (perindopril)
for peripheral artery disease, 244
pharmacology of, 90t

Acetylcholine (ACh), 82
Acetylcholine receptors (AChRs), 82, 83t
Acetylsalicylic acid (ASA), pharmacology of, 81
Acquired immunodeficiency syndrome (AIDS), 

strokes related to, 364
Acquisition parameters, for CT angiography, 185
Acrocyanosis, 600–603

clinical presentation of, 600, 601f
defined, 600
diagnosis of, 601
differential diagnosis of, 601–602, 601b
epidemiology of, 600
etiology of, 600, 601b
histopathology of, 601
pathophysiology of, 600, 601b
primary, 600
prognosis for, 602
secondary, 600
treatment of, 602, 602b

Acromelalgia, 604
ACST (Asymptomatic Carotid Surgery Trial),  

386, 417
ACT-I (Asymptomatic Carotid Trial), 389–390
Activated partial thromboplastin time (APTT), 

72, 99
Activated protein C (APC), 72

in coagulation cascade, 99
Active-site competitive antagonists, as factor IX 

inhibitors, 106
Acute aortic dissection (AAD), CT angiography 

of, 190–191, 191f
Acute aortic syndromes, 424, 424b
Acute ischemic stroke (AIS). See Ischemic 

stroke.

Note: Page numbers followed by f indicate figures, t indicate tables, and b indicate boxes.
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diagnosis of, 561–562

history in, 140
signs and symptoms in, 561, 562f

epidemiology of, 557
etiology of, 557–559, 559b

acute lower-extremity, 558–559, 559b
due to embolism, 559, 560f
iatrogenic, 559
due to in situ thrombosis, 558–559, 560f
other causes in, 559

acute upper-extremity, 557–558, 558f
due to embolism, 558, 558f
iatrogenic, 557, 558f
due to thrombosis, 558

pathophysiology of, 559–561
treatment of, 562–569

adjunctive medical therapy for, 569
and compartment syndrome, 568–569
endovascular therapy for, 563–565, 563t
initial medical management for, 563
mechanical thrombectomy devices for, 

565–566, 565f
suction embolectomy for, 566, 566f, 567f
surgical, 567–568, 568f
ultrasound-assisted thrombolysis for, 

566–567
for upper-extremity ischemia, 568

Acute phase reactants, in vasculitis, 515
Acyanosis, history of, 140
Adalat. See Nifedipine (Adalat, Procardia).
ADAM (Aneurysm Detection and Management) 

Study Screening Program, 461, 474, 479
Adenosine diphosphate (ADP)

in platelet activation, 94, 95f, 96–97
for prevention of arterial thrombosis, 135

Adherens junctions, 16
Adhesion molecules, in atherogenesis, 115–116
Adipocytes, in hemangiomas, 798, 800f
Adipokines, in vasorelaxation, 35
ADMA (asymmetrical dimethylarginine), 

as biochemical marker of nitric oxide 
bioavailability, 21

ADP (adenosine diphosphate)
in platelet activation, 94, 95f, 96–97
for prevention of arterial thrombosis, 135

Adrenergic receptor(s), 82–83, 83t
Adrenergic receptor agonists, 83t, 84–85, 85t
Adrenergic receptor antagonists, 83t, 84–85
Adrenomedullin, and pulmonary arterial 

hypertension, 674
Adson maneuver, 143
Advanced glycation end products (AGEs), and 

atherosclerosis, 115, 115f
Adventitia, in medium- and large-sized artery 

vasculitis, 130, 130f
Adventitial cells, stem cell markers in, 11
Adventitial stripping, for Raynaud's  

phenomenon, 598
AER (abduction and external rotation) test, 758
Aesculus hippocastanum, for varicose veins, 644
Afferent blood vessels, 1
Age

and atherosclerosis, 112
and stroke risk, 350–351

AGE(s) (advanced glycation end products), 
and atherosclerosis, 115, 115f

Aggrecan, 59, 60f, 60t
Agonists, 75, 76f
Agrin, 59–61, 60t
AI (acceleration index), for renal artery 

stenosis, 299–300
AICA (anterior inferior cerebellar artery), 

angiography of, 208f
AIDS (acquired immunodeficiency syndrome), 

strokes related to, 364
Air embolism, venous, 636

Air plethysmography, of varicose veins, 642
Air pollution, and stroke risk, 352–353
AIS (acute ischemic stroke). See Ischemic 

stroke.
AJvW-2, 98
AJW200, 98
Albumin, transcellular transport of, 16
Albumin-bound macromolecules, transcellular 

transport of, 16
Alcohol consumption

and peripheral artery disease, 217
and stroke risk, 353

Aldactone (spironolactone), pharmacology of, 
90, 90t

Aldara (imiquimod), for vascular anomalies, 
802t

Aldomet (methyldopa), pharmacology of, 85t, 
86

Aldosterone, in renin-angiotensin-aldosterone 
system, 88–89, 88f

Alfuzosin (Uroxatral), pharmacology of, 85t
Aliasing, 152, 152f
Aliskiren (Tekturna), pharmacology of, 89, 90t
Allen test, 143, 143f

for thromboangiitis obliterans, 539, 539f
Allergic granulomatous angiitis, 512–513

clinical manifestations of, 509t
pathogenesis of, 129

Allosteric antagonists, 75–76
Allosteric modulators, 75–76
Allosteric potentiators, 75–76
α1-adrenergic receptor(s), 82, 83t
α1-adrenergic receptor agonists, 83t, 86
α1-adrenergic receptor antagonists, 83t, 85–86, 

85t
for Raynaud's phenomenon, 596–597

α2-adrenergic receptor(s), 82, 83t
α2-adrenergic receptor agonists, 83t, 85t, 86
α2-adrenergic receptor antagonists, 83t, 86
α3-adrenergic receptor agonists, 83t
α chains, of collagens, 44, 45t

fibrillar, 44, 47f
network-forming, 44, 48f

Alprostadil, for erectile dysfunction, 345
Altace (ramipril)

for peripheral artery disease, 244–245, 245f
pharmacology of, 90t

Alteplase
for acute limb ischemia, 563t, 564
for pulmonary embolism, 634

Alternative therapies, for peripheral artery 
disease, 254–255

Amaurosis fugax, 362, 387
due to atheroembolism, 572
history of, 140

Ambrisentan (Letairis)
pharmacology of, 90, 91t
for pulmonary arterial hypertension, 680

American Association for the Surgery of Trauma 
Organ Injury Scale (AAST-OIS), 746, 746t

Amlodipine (Norvasc), pharmacology of, 87–88, 
88t

Amnion, 1
Amniotic fluid embolism, 636
Amplitude Doppler, 152
Amyloid A, And atherosclerosis, 113f
ANA(s) (antinuclear antibodies), in vasculitis, 

513
Anaphylatoxins, in small-vessel vasculitis, 

126–127
Anatomical tube current modulation, 187
ANCA (antineutrophil cytoplasmic 

antibodies), in small-vessel vasculitis, 
126–129, 128f, 129f

ANCA (antineutrophil cytoplasmic antibody)-
associated vasculitis, 507

ANCA (antineutrophil cytoplasmic antibody) 
testing, for vasculitis, 515–516

AneuRx endograft, 496t, 497f
Aneurysm(s)

aortic. See Aortic aneurysm(s).
arteriovenous (racemose, cirsoid), 782
carotid artery, infected, 713–714
common iliac artery, 160f

CT angiography of, 195f
false. See Pseudoaneurysm(s).
femoral artery

CT angiography of, 195, 195f
infected, 712–713

infected
anatomical location of, 710
aortic, 710–712

clinical course of, 712
diagnosis of, 711–712, 711f, 711t
features of, 710, 711f
pathogenesis of, 709–710
treatment of, 712

bacteriology of, 710
of carotid artery, 713–714
classification and etiology of, 709
of femoral artery, 712–713
other, 714
pathogenesis of, 709–710
of superior mesenteric artery, 713, 713f
traumatic, 709

matrix metalloproteinases and, 52t
mesenteric artery, CT angiography of, 193
mycotic, 465, 709
peripheral artery

CT angiography of, 195, 195f
ultrasonography for, 158, 160f

popliteal artery, CT angiography of, 195, 195f
pseudo-. See Pseudoaneurysm(s).
renal artery, CT angiography of, 193, 194f
of superior mesenteric artery, infected, 713, 

713f
syphilitic, 466, 466f
tuberculous, 465

Aneurysm Detection and Management (ADAM) 
Study Screening Program, 461, 474, 479

Ang. See Angiotensin (Ang).
Ang-(1–7), 89
Angiitis

allergic granulomatous, 512–513
clinical manifestations of, 509t
pathogenesis of, 129

microcrystalline, 577
primary, of CNS, 509t, 513, 514f

Angina, renal artery stenosis and, 297
Angiogenesis, 1–13

animal models of, 1
defined, 43
with infrapopliteal intervention, 266
matrix metalloproteinases in, 52
nonsprouting, 2
sprouting, 2

endothelial tip and stalk cell specification 
in, 2–4, 3f

for thromboangiitis obliterans, 543
of tunica adventitia (fibroblasts and loose 

connective tissue), 11
of tunica intima (endothelium), 1–7

arterial and venous endothelial cell 
differentiation in, 2

early development in, 1–2
endothelial tip and stalk cell specification 

in sprouting angiogenesis in, 2–4, 3f
lymphatic vessel development in, 7
molecular determinants of branching  

in, 4–5
neurons and vessels in, 5–6, 6f
vascular induction of nonvascular tissue 

development in, 7
vascular lumenization in, 5

of tunica media (smooth muscle and 
extracellular matrix), 7–10
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Angiogenesis ( Continued)
cellular and extracellular matrix 

components in, 7, 8t
collagen and elastic fibers in extracellular 

matrix in, 10, 10f
patterning of developing vascular smooth 

muscle cell layers in, 9–10
smooth muscle cell differentiation in, 9
vascular smooth muscle cell origins in, 8–9, 

8f
Angiogenic growth factors, for peripheral artery 

disease, 253
Angiography

catheter-based peripheral, 199–209
for abdominal aortography and lower-

extremity runoff, 200–201, 200f, 201f
of aortic arch and brachiocephalic vessels, 

202–204, 205f, 206f
aortoiliac and lower-extremity, 201–202, 203f, 

204f, 205f
carotid, 204, 207f
complications of, 205–208

access site–related, 205–208, 259, 261f
catheter-related, 208
systemic, 208

imaging equipment for, 199, 199f
imaging technique for, 199–200
obtaining vascular access for, 200–205, 200f
radiographic contrast for, 199
selective mesenteric, 201, 202f
selective renal, 201, 201f, 202f
subclavian, 204, 207f
vertebral, 204–205, 207f, 208f

computed tomographic, 184–198
of abdominal aorta, 191–192, 192f, 193f
artifacts and pitfalls of, 196
in atherosclerotic and nonatherosclerotic 

disease, 187–188, 188f
of carotid disease, 187–188
contrast administration for, 185
image postprocessing for, 186
imaging reconstruction in, 185–186
of mesenteric artery disease, 193, 194f
multidetector

of carotid artery disease, 187–188
of thoracic aorta, 190–191

of neurovascular circulation, 187
other indications for, 196, 196f
of peripheral artery disease, 189–191, 

194–196
aneurysmal, 195, 195f
atherosclerotic, 195, 195f
clinical applications of, 195, 195f
for endovascular stent evaluation, 196
maximal-intensity projection, 239
technical considerations with, 194, 194t
vasculitis as, 196
volume-rendered, 239, 239f

of pulmonary arteries, 189–190, 189f
of renal artery disease, 193, 194f
of thoracic aorta, 190–191, 191f

digital subtraction, 199
advantages and disadvantages of, 167t

for extremity vascular injury, 749
magnetic resonance

clinical applications of, 171–180
to abdominal vessels, 176–178
to coronary arteries, 172, 175f
to extracranial carotid and vertebral 

arteries, 171, 171f
for inflammatory disease of arterial wall, 

179–180, 179f, 180f
for peripheral artery disease of lower and 

upper extremities, 173–176, 238
to pulmonary vessels, 172, 174f
to thoracic aorta and its branches, 

171–172, 171f
techniques of, 166–171, 167t, 168f

Angiography ( Continued)
"black blood", 166–167, 167t, 168f
"bright blood", 167, 167t, 168f
contrast-enhanced, 167t, 169
phase-contrast, 167t, 168
postcontrast, 167t
postprocessing, 170–171, 170f, 170t
time-of-flight, 167–168, 167t, 168f

in Raynaud's phenomenon, 595, 595f
AngioJet Xpeedior rheolytic thrombectomy 

catheter, for acute limb ischemia, 565
Angioma

cavernous, 782
tufted, 792, 793f

Angioplasty and stent placement, for femoral-
popliteal artery disease, 263, 263f, 264f, 264t

Angiopoietin-1, in endothelial permeability, 16
Angiotensin (Ang), in renin-angiotensin-

aldosterone system, 88–89, 88f
Angiotensin II (Ang II)

in phenotypic modulation of vascular smooth 
muscle cells, 27–28

and Raynaud's phenomenon, 591, 597
in renal artery disease, 289–291, 291f
in renovascular hypertension, 287, 291f

Angiotensin II (Ang II) type 1 receptor(s) (AT1), 
88–89

Angiotensin II (Ang II) type 1 receptor (AT1) 
antagonists, 89–90, 90t

Angiotensin II (Ang II) type 2 receptors (AT2), 89
Angiotensin receptor blockers (ARBs), 89–90, 90t

for peripheral artery disease, 245
for renal artery stenosis, 310–311

Angiotensin receptor–associated protein 
(ATRAP), 89

Angiotensin-converting enzyme (ACE), in renin-
angiotensin-aldosterone system, 88–89, 88f

Angiotensin-converting enzyme inhibitors 
(ACEIs), 89–90, 90t

for peripheral artery disease, 244–245, 245f
for renal artery stenosis, 310

Ankle pressures, 148
Ankle-arm index (AAI), 211
Ankle-brachial index (ABI), 148, 211–212

for extremity vascular injury, 749
for foot ulcers, 733
for peripheral artery disease, 235–236, 235f

Ankle-brachial pressure index (ABPI), 211
Ankylosing spondylitis, aortic aneurysm with, 

465
Anomalous coronary arteries, 775–776

angiographic and other imaging of, 775–776,  
776f

left circumflex, 775
left main, 775
origins from pulmonary trunk as, 775
right, 775

Anomalous left circumflex artery, 775
Anomalous left main coronary artery, 775
Anomalous pulmonary venous connections, 

771–773
embryology of, 771, 772f
partial, 772–773, 774f
subtotal, 773
total, 771, 773f

Anomalous right coronary artery, 775
Anomalous systemic venous connections, 775
Anomalous venous connections, 771–773

congenital stenosis of pulmonary veins as, 
774–775

cor triatriatum as, 773–774
dexter, 775

pulmonary, 771–773
embryology of, 771, 772f
partial, 771, 772–773, 774f
subtotal, 773
total, 771, 773f

systemic, 775

ANP (atrial natriuretic peptide)
pharmacology of, 79
and pulmonary arterial hypertension, 674, 676

Antagonists, 75–76, 76f, 77f
Anterior accessory great saphenous vein, 654f
Anterior cerebral artery (ACA), angiography of, 

204, 206f
Anterior inferior cerebellar artery (AICA), 

angiography of, 208f
Anterior scalene muscle, 756f
Anterior scalene muscle blockade, for thoracic 

outlet syndrome, 759
Anterior tibial (AT) artery, angiography of, 202, 

204f
Anticoagulants

for acute ischemic stroke, 379–380
and atheroembolism, 575–576
with carotid artery stenting, 395
factor IX inhibitors as, 106
factor Xa inhibitors as, 104–105
for peripheral artery disease, 249

during endovascular therapy, 261
for pulmonary arterial hypertension, 679
thrombin inhibitors as, 100–106

direct, 102
oral, 103–104
parenteral, 102–103

indirect, 100–102, 101f
for venous thoracic outlet syndrome, 762
for venous thromboembolism, 622–623, 

632–634
fondiparinux as, 633
low-molecular-weight heparin as, 633
new drugs as, 634
optimal duration and intensity of, 634
parenteral direct thrombin inhibitors as, 633
unfractionated heparin as bridge to 

warfarin as, 632
warfarin as, 633–634

warfarin as, 100
Antihypertensive therapy

with carotid artery stenting, 395
for prevention of recurrent stroke, 381

Antiinflammatory therapy, for Kawasaki disease, 
551–552, 551b

Antineutrophil cytoplasmic antibodies (ANCA), 
in small-vessel vasculitis, 126–129, 128f, 129f

Antineutrophil cytoplasmic antibody (ANCA)-
associated vasculitis, 507

Antineutrophil cytoplasmic antibody (ANCA) 
testing, for vasculitis, 515–516

Antinuclear antibodies (ANAs), in vasculitis, 513
Antioxidant enzymes, in endothelial regulation 

of response to inflammatory and immune 
stimuli, 18

Antioxidant vitamins, and stroke risk, 351
Antiphospholipid antibodies, and thrombosis, 

134
Antiphospholipid antibody syndrome

vs. thromboangiitis obliterans, 538
and venous thromboembolism, 627

Antiplatelet therapy
during abdominal aortic aneurysm repair, 

483
for acute ischemic stroke, 379–380
for acute limb ischemia, 563
with carotid artery stenting, 395
for peripheral artery disease, 247–249, 248f, 

249f
for prevention of arterial thrombosis, 135–136

Antithrombin, 72
Antithrombin III, 99
Antithrombin therapy, for acute limb ischemia, 

563
Antithrombotic drugs, 94–109

coagulation and, 99–100, 99f
factor IX inhibitors as, 106
oral anticoagulants as, 100
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Antithrombotic drugs ( Continued)
oral factor Xa inhibitors as, 104–105
platelet inhibitors as, 94–98, 95f

cyclooxygenase inhibitors as, 95–96, 95f
GPIIb/IIIa antagonists as, 97–98
P2Y12 receptor-targeting, 96–97
platelet adhesion inhibitors as, 98

thrombin inhibitors as, 100–106
direct, 102
indirect, 100–102, 101f

Antithrombotics
for Kawasaki disease, 552
pharmacology of, 99–100

Aorta
"coral reef", 329, 330f
intramural hematoma of, 427, 427f
medial degeneration of, 421, 421f
normal, 457, 458f

Aortic aneurysm(s)
abdominal, 461–463

clinical history of, 471
defined, 461
endovascular therapy for, 493–505

anatomical requirements for, 493–495, 
494f, 495f

delivery system in, 495
endograft features in, 495
fenestrated and branch endografts in, 

502–503, 502f, 503f
graft placement in, 496–497
indications for, 493
outcomes of, 500–501
postoperative management in, 496–497
problems with, 497–500
for ruptured aneurysms, 502
for small aneurysms, 501–502
special grafts in, 496, 496t, 497f

imaging of, 473–477, 473t
abdominal roentgenography for, 473
contrast angiography for, 477, 477f
CT angiography for, 191–192, 192f, 193f
CT for, 475, 475f, 476f
MR angiography for, 178, 178f, 475–477, 

476f
ultrasonography for, 157, 157f, 474–475, 474f

life expectancy with, 480–481
palpation of, 147, 147f
physical examination for, 471–473, 472f, 472t
prevalence of, 461, 461t
prognosis for, 462–463, 463f
risk factors for, 461–462
rupture of, 472–473

endovascular treatment for, 502
mortality rate with, 479

screening and surveillance for, 473
surgical repair of, 479–492

anesthesia for, 483
with associated arterial disease, 487
complications of, 487–489, 488t
decision making for, 479, 481
functional outcome for, 489
incision for, 483–487, 484f, 485f
long-term survival after, 489–490
operative risk for, 480, 480t
perioperative management for, 482–483
preoperative assessment for, 481–482
retroperitoneal approach for, 487
techniques for, 482–487
transperitoneal approach for, 484–487, 

486f, 487f
acute expansion of, 428
classification of, 457, 458f
clinical evaluation of, 471–478

history in, 471
imaging in, 473–477, 473t
physical examination in, 471–473, 472f, 472t

definition of, 457, 479
disorders associated with, 457, 459b

Aortic aneurysm(s) ( Continued)
epidemiology of, 461–464
fusiform, 457, 458f
in giant cell arteritis, 528f
infected, 710–712

clinical course of, 712
diagnosis of, 711–712, 711f, 711t
features of, 710, 711f
pathogenesis of, 709–710
treatment of, 712

infectious, 465–466
mycotic, 465
syphilitic, 466, 466f
tuberculous, 465

in inherited and developmental disorders, 464
aortic coarctation as, 464
bicuspid aortic valve as, 464
Ehlers-Danlos syndrome as, 464
Loyes-Dietz syndrome as, 464
Marfan syndrome as, 464

other conditions associated with, 464–466
pathophysiology of, 457–461, 458f, 459b

increases in biomechanical wall stress in, 
460–461

inflammation in, 460
proteolytic degradation in, 459–460

prognosis for, 461–464
pseudo- (false), 457
saccular, 457, 458f
screening and surveillance for, 473
seronegative spondyloarthropathies and, 465
thoracic, 463–464

clinical history of, 471
etiology and pathophysiology of, 463
imaging of

chest roentgenography for, 473, 474f
CT angiography for, 191, 475, 476f
MR angiography for, 171, 475–477
ultrasound for, 474–475

natural history and prognosis for, 463–464
prevalence of, 463
screening and surveillance for, 473

thoracoabdominal, 463–464
clinical history of, 471
endovascular treatment of, 502, 502f
etiology and pathophysiology of, 463
natural history and prognosis for, 463–464
prevalence of, 463
surgical repair of, 442–444

indications for, 441, 441f, 442f
operative techniques for, 442–443, 443f
organ protection during, 443, 444b
outcomes of, 444
preoperative assessment for, 441

vasculitides and, 465
Behçet disease as, 465
giant cell arteritis as, 465
Takayasu's arteritis as, 465

Aortic arch
in acute proximal aortic dissection repair

ascending and hemi-arch replacement for, 
436–437

options for management of, 436, 437b
total aortic arch replacement for, 437, 438f

aortography of, 202–204, 205f, 206f
bovine, 202, 206f

atheroembolism of, 572, 582
cervical/interrupted, 779–780
classification of, 395, 395f
development of, 778–779, 779f
double, 779, 780f
left, 779

with aberrant right subclavian artery, 779, 780f
normal, 458f
right, 779

with retroesophageal component, 779
without retroesophageal component, 779, 

780f

Aortic arch anomalies, 778–780, 778b
cervical/interrupted, 779–780
clinical presentation and diagnosis of, 780
development of, 778–779, 779f
double, 779, 780f
ductus arteriosus sling as, 779
incidence of, 778–779
left, 779, 780f
right, 779, 780f

Aortic arch replacement, in acute proximal 
aortic dissection repair

hemi-, 436–437, 436f
total, 437, 438f

Aortic arch vessel(s), fibromuscular dysplasia  
of, 786–787

Aortic arch vessel disease, MR angiography of, 
171–172

Aortic coarctation, 776–778
aortic aneurysm with, 464
classification of, 776, 777b
collateral circulation in, 777, 777f, 778f
complications of, 778
conditions associated with, 777–778
CT angiography of, 191
incidence of, 776
MR angiography of, 172, 173f
pathology of, 776–777

Aortic disruption, traumatic, 741–742, 741f, 742f
Aortic dissection

abdominal
CT angiography of, 191
MR angiography of, 178

acquired, 423–424
acute, 419, 433
acute distal, 440

surgical repair of, 440
indications for, 440
operative techniques for, 440
outcomes of, 440

acute proximal, 433–439
after prior cardiac operations, 433–435
in elderly patients, 433
with severe malperfusion, 433, 435b
surgical repair of, 435–439

antegrade descending thoracic stent 
grafts for, 438

aortic root replacement for, 439
aortic valve replacement for, 439
ascending and hemi-arch replacement 

for, 436–437
cardiopulmonary bypass for, 435–436, 

436f
distal aortic considerations in, 436, 437b
indications for, 433–435
outcomes of, 439, 439t
preoperative considerations for, 435
proximal aortic considerations in, 438, 438b
supracommissural anastomosis with 

aortic valve repair for, 438–439, 439f
total aortic arch replacement for, 437, 438f

transport to specialized centers for, 435
branch level involvement in, 447–450

dynamic, 448f, 449–450, 450f
endovascular treatment of, 451–453
static, 447–449, 448f, 449f

chronic, 419, 433
chronic distal, 440–444

surgical repair of, 442–444
indications for, 441, 441f, 442f
operative techniques for, 442–443, 443f
organ protection in, 443, 444b
outcomes of, 444
preoperative assessment for, 441–442

chronic proximal, 439–440
classification of, 419, 420f, 433, 434f
clinical presentation of, 424–427, 424b, 424t

history in, 424
laboratory testing in, 425
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Aortic dissection ( Continued)
other point-of-care tests in, 425
physical examination in, 424–425

communicating, 419
differential diagnosis of, 427–428

vs. acute aortic aneurysm expansion, 428
vs. aortic intramural hematoma, 427, 427f
vs. nonaortic diseases, 428
vs. penetrating atherosclerotic aortic ulcer, 

427, 427f
double-barrel flow in, 449–450
due to drug use, 423–424
endovascular therapy for, 447–455

aortic interventions in, 450–454
with aortic rupture, 448f, 452f, 453–454, 

453f
with branch vessel involvement, 451–453
for complicated type B dissection, 451, 

452f
other indications for, 454
for uncomplicated type B dissection, 451, 

451f
branch vessel interventions in, 447–450, 448f

with dynamic branch involvement, 448f, 
449–450, 450f

with static branch involvement, 447–449, 
448f, 449f

epidemiology of, 419
iatrogenic, 423
imaging of, 425–427

coronary angiography for, 427
CT angiography for, 426, 426f

abdominal, 191
thoracic, 190–191, 191f

intravascular ultrasound for, 427
invasive aortography for, 426–427
MR imaging/angiography for, 426, 426f

abdominal, 178
thoracic, 171, 172f

transesophageal echocardiography for, 
425–426, 425f

initial medical treatment of, 428–429, 428f, 428t
life-threatening complications of, 433, 434f
long-term surveillance for, 431
non-communicating, 419
no-reentry situation in, 447, 449f
pathogenesis of, 419–421, 420b

aortic rupture and end-organ malperfusion 
in, 420–421, 421f

false lumen thrombosis in, 421
intimal tear in, 419–420, 422f

predisposing factors for, 420b
genetic, 420b, 421–423

bicuspid aortic valve as, 423, 423f
Ehlers-Danlos syndrome as, 422
familial thoracic aortic aneurysm disease 

as, 422–423
Marfan syndrome as, 421, 422b
medial degeneration as, 421, 421f

in pregnancy, 423
prognosis for, 430, 430f
reentry tear in, 447, 449f
surgical therapy for, 433–446

acute distal, 440
indications for, 440
operative techniques for, 440
outcomes of, 440

acute proximal, 435–439
antegrade descending thoracic stent 

grafts for, 438
aortic root replacement for, 439
aortic valve replacement for, 439
ascending and hemi-arch replacement 

for, 436–437
cardiopulmonary bypass for, 435–436, 436f
distal aortic considerations in, 436, 437b
indications for, 433–435
outcomes of, 439, 439t

Aortic dissection ( Continued)
preoperative considerations for, 435
proximal aortic considerations in, 438, 438b
supracommissural anastomosis with 

aortic valve repair for, 438–439, 439f
total aortic arch replacement for, 437, 438f

chronic distal, 442–444
indications for, 441, 441f, 442f
operative techniques for, 442–443, 443f
organ protection in, 443, 444b
outcomes of, 444
preoperative assessment for, 441–442

chronic proximal, 439–440
future of, 445
indications for, 429–430, 429b

for type A dissection, 429
for type B dissection, 429–430, 430t

postoperative considerations after, 444–445
thoracic

CT angiography of, 190–191, 191f
MR angiography of, 171, 172f

three-channel, 419–420, 422f
type A, 419, 420f

indications for surgical therapy for, 429
type B, 419, 420f

endovascular therapy for
for complicated dissection, 451, 452f
for uncomplicated dissection, 451, 451f

indications for surgical therapy for, 429–430, 
430t

with proximal entry tear, 448f
with rupture, 448f

Aortic ectasia, 191–192, 457
Aortic endarterectomy, for aortoiliac occlusive 

disease, 269
Aortic endovascular interventions, for aortic 

dissection, 450–454
with aortic rupture, 448f, 452f, 453–454, 453f
with branch vessel involvement, 451–453
other indications for, 454
type B

complicated, 451, 452f
uncomplicated, 451, 451f

Aortic graft infections, 715–718
with aortoenteric fistula, 719, 719f
bacteriology of, 719–720, 719t
classification of, 715–716
clinical presentation of, 716, 717f, 717t
diagnosis of, 716–718, 717f, 718f
diagnostic pitfalls with early, 718–719
after endovascular repair, 721
etiology of, 716
incidence of, 715
risk factors and pathogenesis of, 714–715
treatment of, 720–721

antibiotic therapy for, 720
partial graft excision for, 721
total graft excision for

and extra-anatomical revascularization, 720
with in situ replacement using arterial 

allograft, 721
with in situ replacement using 

autogenous veins, 721
with in situ replacement using prosthetic 

graft, 720–721
without revascularization, 720

Aortic insufficiency, and pulmonary 
hypertension, 690t

Aortic neck, in endovascular aneurysm repair, 
494, 494f

Aortic occlusion, abdominal, MR angiography 
of, 178

Aortic root replacement, for acute proximal 
aortic dissection, 439

Aortic rupture
aortic dissection with, 420–421, 448f

endovascular therapy for, 448f, 452f,  
453–454, 453f

Aortic rupture ( Continued)
clinical evaluation of, 472–473
with coarctation of aorta, 778
traumatic, 741–742, 741f, 742f

Aortic stent grafting, for aortic dissection, 
450–454

with aortic rupture, 448f, 452f, 453–454, 453f
with branch vessel involvement, 451–453
other indications for, 454
for type B dissection

complicated, 451, 452f
uncomplicated, 451, 451f

Aortic syndromes, acute, CT angiography of, 
190–191, 191f

Aortic ulcer(s), penetrating
atherosclerotic, 427, 427f
CT angiography of, 190

Aortic valve
in acute proximal aortic dissection repair

aortic root replacement for, 439
aortic valve replacement for, 439
options for management of, 438, 438b
supracommissural anastomosis with aortic 

valve repair for, 438–439, 439f
bicuspid

aortic aneurysm with, 464
aortic dissection with, 423, 423f
coarctation of aorta with, 777

Aortic valve regurgitation, in Kawasaki disease, 549
Aortic valve repair, for acute proximal aortic 

dissection, 438–439, 439f
Aortic valve replacement, for acute proximal 

aortic dissection, 439
Aortitis

CT angiography of, 191
in giant cell arteritis, 527
idiopathic, 510

Aortobifemoral bypass graft
for aortoiliac occlusive disease, 270–271, 270f, 

271f, 272f
infected, 717f, 718f

Aortoenteric fistula, 716, 719, 719f
Aortography, atheroembolism due to, 573–574
Aortoiliac angiography, 201–202, 203f, 204f, 205f
Aortoiliac occlusive disease, 268–275

clinical manifestations of, 268
collateralization in, 268, 269f
diagnosis of, 268
with femoropopliteal occlusive disease, 268
imaging of, 268–269
in Leriche syndrome, 268
reconstructive surgery for

aortobifemoral bypass as, 270–271, 270f, 
271f, 272f

axillobifemoral bypass as, 272–273
endarterectomy as, 269
extra-anatomical bypass as, 272
femorofemoral bypass as, 273, 273f, 274f
iliofemoral bypass as, 274
indications for, 269
laparoscopic revascularization as, 274–275
thoracic aorta–to–femoral artery bypass 

as, 274
risk factor modification for, 269
in small aorta syndrome, 268, 269f

Aortoiliac stent graft
atheroembolism due to, 574
CT angiography of, 191–192, 192f, 193f

Aortoiliac vessel disease, endovascular treatment 
of, 262–263, 262f

Aortopulmonary communication, 781
Aortorenal bypass, for atherosclerotic renal 

artery stenosis, 317, 317f
APC (activated protein C), 72

in coagulation cascade, 99
Apixaban

pharmacology of, 105
for venous thromboembolism, 623, 634
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Apolipoprotein B, and atherosclerosis, 113f
Apoptosis, of vascular smooth muscle cells, 39
Apresoline (hydralazine), pharmacology of, 88t
Aptamers, 98, 106
APTT (activated partial thromboplastin time), 

72, 99
Arachidonic acid cascade, 95–96, 95f
ARAS. See Atherosclerotic renal artery stenosis 

(ARAS).
ARBs (angiotensin receptor blockers),  

89–90, 90t
for peripheral artery disease, 245
for renal artery stenosis, 310–311

ARC1779, 98
Argatroban

for acute limb ischemia, 563
pharmacology of, 103

l-Arginine, for peripheral artery disease, 254
Arm(s). See also Upper extremity(ies).

pulses of, 142, 142f
Arm pressures, 148
Arm vein grafts, for infrainguinal arterial 

occlusive disease, 281–282, 282f
Arrhythmias, with acute ischemic stroke, 378
Artemin (ARTN), in vascular induction of 

nonvascular tissue development, 7
Arterial blood gas analysis, for pulmonary 

embolism, 630
Arterial disease, history of, 139–141
Arterial endothelial cells, differentiation of, 2
Arterial fissures, in peripheral artery disease, 234
Arterial hypertension, and atherosclerosis, 

111–112
Arterial infection(s)

contiguous, 709
primary, 709–710

classification and etiology of, 709
Arterial occlusive disease

Raynaud's phenomenon due to, 592–593
in thromboangiitis obliterans, 537, 537f

Arterial remodeling, during atherogenesis, 117
Arterial stenosis

critical, 225
hemodynamic abnormalities with, 224–225
ultrasonography of, 152

Arterial thoracic outlet syndrome
diagnosis of, 759, 760f
presentation of, 757
treatment of, 762–763

Arterial thrombi, composition of, 133
Arterial thrombosis

drugs that modulate, 135–136
genetic polymorphisms and, 134, 134b
pathogenesis of, 134–136, 134b
von Willebrand factor in, 98

Arterial wall
in atherogenesis, 115–116
inflammatory diseases of, MR angiography  

of, 179–180, 179f, 180f
Arteriography, for aortic graft infection, 718
Arteriovenous aneurysms, 782
Arteriovenous fistulae (AVFs), 782

due to peripheral vascular angiography, 208
and Raynaud's phenomenon, 594
due to trauma, 739

iatrogenic, 751
treatment options for, 752

ultrasonography of, 161–162, 161f
Arteriovenous hemangiomas, 782
Arteriovenous malformations (AVMs),  

782–783, 784f
cardiac, 784–785
of CNS, head and neck, 783
and intracerebral hemorrhage, 364
of lung, 783, 784f
marimastat for, 806
of other sites, 783
pathology of, 783, 784f

Arteritis
giant cell (temporal). See Giant cell arteritis 

(GCA).
microbial, 709
Takayasu. See Takayasu's arteritis.

Arthritis, rheumatoid, Raynaud's phenomenon 
due to, 592

Artifacts
in CT angiography, 196
on ultrasonography, 151

ARTN (artemin), in vascular induction of 
nonvascular tissue development, 7

ASA (acetylsalicylic acid), pharmacology of, 81
Ascending aorta

in acute proximal aortic dissection repair, 
436–437, 436f

atheroembolism of, 572, 582
normal, 458f
pulmonary artery arising from, 780–781

Ascites, chylous, 706
ASD (atrial septal defects), and pulmonary 

arterial hypertension, 672
Aselli, Gasparo, 697, 698f
Aspirin

for acute ischemic stroke, 378, 379–380
with carotid artery stenting, 395
for erythromelalgia, 606, 610
for Kawasaki disease, 551, 551b
for peripheral artery disease, 247–249, 248f

prior to endovascular therapy, 260
pharmacology of, 81, 95–96
for prevention of arterial thrombosis, 135
for prevention of atheroembolism, 583
for transient ischemic attacks, 381

ASTEROID trial, 583
Asymmetrical dimethylarginine (ADMA), 

as biochemical marker of nitric oxide 
bioavailability, 21

Asymptomatic Carotid Atherosclerosis Study 
(ACAS), 386

Asymptomatic Carotid Surgery Trial (ACST), 386, 
417

Asymptomatic Carotid Trial (ACT-I), 389–390
AT (acceleration time), for renal artery stenosis, 

299–300
AT (anterior tibial) artery, angiography of, 202, 

204f
AT1 (angiotensin II type 1 receptors), 88–89
AT1 (angiotensin II type 1 receptor) antagonists, 

89–90, 90t
AT2 (angiotensin II type 2 receptors), 89
Atacand (candesartan), pharmacology of, 90t
Ataxia telangiectasia, 781–782
Ataxia-telangiectasia gene (ATM), 781–782
Atenolol (Tenormin), pharmacology of, 86, 86t
Atherectomy, for femoral-popliteal artery disease, 

264–265
Atheroembolism, 572–586

clinical presentation of, 572, 573b
vs. critical limb ischemia, 233, 233f
etiology of, 572–576, 574f

procedure-related, 572, 573–575
due to anticoagulation/thrombolysis, 

575–576
due to cardiovascular surgery, 573–575

spontaneous, 572–573
epidemiology of, 572–573
risk factors for, 572, 574f

general treatment measures for, 583–584
preventive, 583
supportive, 583–584

history of, 140
pathobiology of, 572
syndromes of, 572, 573b, 576–583

ascending aorta/arch atheroma and stroke 
as, 572, 582

atheroembolic renal disease as, 576–578
clinical presentation of, 577

Atheroembolism ( Continued)
defined, 576
differential diagnosis of, 577, 577b
epidemiology of, 577
etiology and pathogenesis of, 572, 577
laboratory testing for, 577–578
pathophysiology of, 577
prognosis and treatment of, 578

coral reef plaque as, 582
gastrointestinal tract, 572, 578–579
livedo reticularis and skin, 572, 573f, 576, 

576f, 580f
lower extremities and blue toe syndrome as, 

579–582
clinical features of, 579, 579f, 580f
defined, 572, 573f
differential diagnosis of, 580, 580f
extensive (trash foot), 580–581, 581f
operative management of, 581–582, 581f

mobile atheroma as, 582–583
of retinal arteries, 572
upper-extremity, 574f, 582, 582f

Atherogenesis
arterial remodeling during, 117
interactions of risk factors with cells in arterial 

wall and leukocytes during, 115–116
Atheroma, 116

life history of, 119–121, 120f, 121f
mobile, 582–583

Atheromatous embolization. See 
Atheroembolism.

Atheroprotection, shear stress and, 117–118
Atherosclerosis, 111–125

accelerated, with vasculitis, 519
diversity of, 116–122
endothelial dysfunction and, 21
as focal or diffuse disease, 117
matrix metalloproteinases and, 52t
premature, 363
progression of, 116
risk factors for, 111–116

age as, 112
cellular interactions with, 115–116
cholesterol as, 111, 113f
cigarette smoking as, 112
emerging, 112–114
fibrinogen as, 113f, 114
genetic predisposition as, 114
high-density lipoprotein as, 112
homocysteine as, 112, 113f
hyperglycemia as, 115, 115f
infection as, 113f
inflammation as, 114
lipoprotein(a) as, 113–114, 113f
metabolic syndrome as, 114, 115t
on the rise, 114–116
sex as, 112
systemic arterial hypertension as, 111–112
traditional, 111–112

shear stress and, 117–118
as systemic disease, 122
thrombotic complications of, pathophysiology 

of, 118–119, 118f, 119f
von Willebrand factor in, 98

Atherosclerotic lesions, heterogeneity of, 
116–117

Atherosclerotic peripheral artery disease, CT 
angiography of, 195, 195f

Atherosclerotic plaque(s)
calcification of, 116
in carotid arteries, ultrasound of, 154–155, 

155f
disruption of, 118–119, 118f

and arterial thrombosis, 134
mutability of, 119–121, 120f, 121f
in renal artery, ultrasonography of, 157–158, 

158f, 159f
"stable" vs. "vulnerable", 121–122
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Atherosclerotic renal artery stenosis (ARAS), 
296

with chronic kidney disease, 312, 312f
diagnosis of, 315–316
endovascular revascularization for

impact on hypertension of, 312–313
impact on renal function of, 313
patient selection for, 311–312, 312f
type of, 312

evaluation of nephropathy with, 307–309
evaluation of renal perfusion with, 307
general considerations for treatment of, 

307–309
identification of renovascular syndromes with, 

307
imaging of, 315

digital subtraction angiography of, 297f
intraoperative duplex ultrasonography for, 

319
isolated, 311
management algorithm for, 307, 308f
management options for, 316–319, 316t
medical therapy for, 309–311
natural history studies of, 316, 316t
prevalence of, 298t, 315
surgical management of, 315–322

aortorenal bypass for, 317, 317f
duplex ultrasonography during, 319
ex vivo reconstruction for, 319, 319f
failed, 320
after failed percutaneous transluminal 

angioplasty, 321
general issues with, 316
operative techniques for, 317–319
preoperative preparation for, 316
renal artery reimplantation for, 317
results of, 319–320, 320f, 321f
splanchnorenal bypass for, 317–319
thromboendarterectomy for, 317, 318f

Atherothrombotic vascular disease, platelet, 
thrombosis, and coagulation in, 94, 95f

ATM (ataxia-telangiectasia gene), 781–782
Atorvastatin

for peripheral artery disease, 253, 254f
for prevention of recurrent stroke, 381
for Raynaud's phenomenon, 597

ATRAP (angiotensin receptor–associated 
protein), 89

Atrasentan, pharmacology of, 91t
Atrial fibrillation

and pulmonary hypertension, 690t
and stroke risk, 354–355

Atrial natriuretic peptide (ANP)
pharmacology of, 79
and pulmonary arterial hypertension, 674, 676

Atrial septal defects (ASD), and pulmonary 
arterial hypertension, 672

Atrial septostomy, for refractory pulmonary 
arterial hypertension, 681

Atrophie blanche, 642
Atropine, 82
Attenuation coefficients, 184–185
Attenuation data, for CT image reconstruction, 

184–185
Autogenous vein bypass, for infrainguinal arterial 

occlusive disease, 277, 279f, 280f
Autoimmune disease

strokes related to, 363
vasculitis secondary to, 514

Autologous bone marrow mononuclear cell 
implantation, for thromboangiitis obliterans, 
543

Autonomic nervous system, 81–87, 82f
Autophagy, of vascular smooth muscle cells, 39
Avapro (irbesartan), pharmacology of, 90t
AVFs. See Arteriovenous fistulae (AVFs).
AVMs. See Arteriovenous malformations (AVMs).
Avosentan, pharmacology of, 91, 91t

AVVQ (Aberdeen Varicose Vein Questionnaire), 
640–642

Axial mode, for computed tomography, 185
Axillary vein, duplex ultrasound of, 162, 162f
Axillary vessel injury, 750
Axillobifemoral bypass grafting, for aortoiliac 

occlusive disease, 272–273
Axillosubclavian vein thrombosis, 141

diagnosis of, 759, 760f
presentation of, 757
treatment of, 762

Axon guidance cues, 5–6, 6f
Axon guidance receptors, 5–6, 6f
Azathioprine, for vasculitis, 518
Azilsartan (Edarbi), pharmacology of, 90t
Azotemic renovascular disease, 285

B

B mode imaging, 151
Balloon angioplasty, for femoral-popliteal artery 

disease, 263, 263f, 264f, 264t
Balloon catheters, for peripheral artery disease, 

262
Balloon expandable stents, for peripheral artery 

disease, 262
Bamacan, 59–61, 60t
Bannayan-Riley-Ruvalcaba syndrome, 794–796, 

795t, 797
Baroreceptors, 81–82, 82f
Baroreflex response, 81–82, 82f
Basement membrane, in vascular smooth muscle 

cell phenotypic modulation, 32
Basement membrane proteoglycans, 59–61, 60t
Basic fibroblast growth factor (bFGF), in 

phenotypic modulation of vascular smooth 
muscle cells, 26–27

Basilar artery, angiography of, 204–205, 208f
BAV (bicuspid aortic value)

aortic aneurysm with, 464
aortic dissection with, 423, 423f
coarctation of aorta with, 777

BAY 41–2272, 78–79
BAY 58–2667, 79
BCVI. See Blunt carotid and vertebral artery 

injury (BCVI).
Beam pitch, for computed tomography, 185
Bean syndrome, 795t
Behçet disease, 508

aortic aneurysm in, 465
Benazepril (Lotensin), pharmacology of, 90t
Benicar (olmesartan), pharmacology of, 90t
Benzopyrones, for lymphedema, 704
Beraprost

for peripheral artery disease, 251–252
pharmacology of, 81

Bernard-Soulier syndrome, 70
Bernheim effect, reverse, 676
β1-adrenergic agonists, 83t
β1-adrenergic antagonists, 83t, 86–87, 86t
β1-adrenergic receptor(s), 82, 83t
β2-adrenergic receptor(s), 82, 83t
β2-adrenergic receptor agonists, 83t
β2-adrenergic receptor antagonists, 83t,  

86–87, 86t
β3-adrenergic receptor(s), 82, 83t
β-adrenergic blockade, in Raynaud's 

phenomenon, 591
β-adrenergic receptor(s), 82, 83t
β-adrenergic receptor antagonists, 83t,  

86–87, 86t
during abdominal aortic aneurysm repair, 483
for aortic dissection, 428, 428t
with carotid artery stenting, 395
for peripheral artery disease, 244, 245
and Raynaud's phenomenon, 591, 594

β-blockers, 83t, 86–87, 86t
during abdominal aortic aneurysm  

repair, 483
for aortic dissection, 428, 428t
with carotid artery stenting, 395
for peripheral artery disease, 244, 245
and Raynaud's phenomenon, 591, 594

Betapace (sotalol), pharmacology of, 86t, 87
Betaxolol (Kerlone), pharmacology of, 86t
Betrixaban, pharmacology of, 105
Bevacizumab, for vascular anomalies, 802t
Bezafibrate, for peripheral artery  

disease, 243
bFGF (basic fibroblast growth factor), in 

phenotypic modulation of vascular smooth 
muscle cells, 26–27

Bicuspid aortic value (BAV)
aortic aneurysm with, 464
aortic dissection with, 423, 423f
coarctation of aorta with, 777

Biglycan, 60t
Biofeedback training, for Raynaud's  

phenomenon, 596
Biological agents, for vasculitis, 518
Bisoprolol (Zebeta), pharmacology of, 86t
Bivalirudin

for acute limb ischemia, 563
pharmacology of, 103

"Black blood" imaging techniques, 166–167,  
167t, 168f

Blood dyscrasias, Raynaud's phenomenon due 
to, 593

Blood flow
endothelial regulation of, 226
ultrasonography of, 150–151

Blood pressure (BP)
and atherosclerosis, 111–112, 113f
and peripheral artery disease, 216–217

Blood pressure management
for acute ischemic stroke, 378, 379t
for peripheral artery disease, 244–245, 244f, 

245f
Blood pressure–lowering therapy, for peripheral 

artery disease, 244, 244f, 245f
Blood vessels

afferent, 1
efferent, 1
embryology and angiogenesis of, 1–13

animal models of, 1
of tunica adventitia (fibroblasts and loose 

connective tissue), 11
of tunica intima (endothelium), 1–7

arterial and venous endothelial cell 
differentiation in, 2

early development in, 1–2
endothelial tip and stalk cell 

specification in sprouting 
angiogenesis in, 2–4, 3f

lymphatic vessel development in, 7
molecular determinants of branching 

in, 4–5
neurons and vessels in, 5–6, 6f
vascular induction of nonvascular tissue 

development in, 7
vascular lumenization in, 5

of tunica media (smooth muscle and 
extracellular matrix), 7–10

cellular and extracellular matrix 
components in, 7, 8t

collagen and elastic fibers in 
extracellular matrix in, 10, 10f

patterning of developing vascular smooth 
muscle cell layers in, 9–10

smooth muscle cell differentiation in, 9
vascular smooth muscle cell origins in, 

8–9, 8f
Blue rubber bleb nevus syndrome (BRBNS), 782, 

794, 795t, 797f
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Blue toe syndrome, 268, 579–582
clinical features of, 579, 579f, 580f
defined, 572, 573f
differential diagnosis of, 580, 580f

vs. critical limb ischemia, 233, 233f
extensive (trash foot), 580–581, 581f
operative management of, 581–582, 581f
prognosis for, 580

Blunt carotid and vertebral artery injury (BCVI), 
743–744

classification of, 744, 744t
clinical management of, 744
diagnostic evaluation of, 744

Blunt injury, vascular, 739
BNP (brain natriuretic peptide)

pharmacology of, 79
and pulmonary arterial hypertension, 674, 676

Body mass index (BMI)
and peripheral artery disease, 217
and stroke risk, 352

"Bolus chase" cineangiographic method, 200
Bone, cystic angiomatosis of, 795t
Bone morphogenetic protein(s) (BMPs), in 

phenotypic modulation of vascular smooth 
muscle cells, 27

Bone morphogenetic protein receptor-II 
(BMPR2), in pulmonary arterial 
hypertension, 668–669, 671f

Bone morphogenetic protein receptor-II 
(BMPR2)-targeted therapies, for pulmonary 
arterial hypertension, 683

Bosentan (Tracleer)
pharmacology of, 90, 91t
for pulmonary arterial hypertension, 680
for Raynaud's phenomenon, 597

Botulinum injection, for Raynaud's  
phenomenon, 598

Bovine aortic arch, aortography of, 202, 206f
Boyd's perforator, 639, 640f
BP. See Blood pressure (BP).
Brachial plexus, 756f
Brachial pressure, 148
Brachial pulse, 142
Brachial vessel injury, 750
Brachiocephalic vessels, angiography of,  

202–204, 205f, 206f, 207f
Brain natriuretic peptide (BNP)

pharmacology of, 79
and pulmonary arterial hypertension, 674, 676

Brain reserve, and carotid artery stenting, 390
Branch vessel endovascular interventions, for 

aortic dissection, 447–450, 448f
with dynamic branch involvement, 448f, 

449–450, 450f
with static branch involvement, 447–449, 448f, 

449f
Branching, molecular determinants of, 4–5
BRBNS (blue rubber bleb nevus syndrome), 782, 

794, 795t, 797f
Breast cancer–associated lymphedema, 700–701
Brevibloc (esmolol)

for aortic dissection, 428t
pharmacology of, 86t

Brevican, 59, 60f
"Bright blood" imaging technique, 167,  

167t, 168f
Brodie-Trendelenburg test, 145
Brugia malayi, 700
Brugia timori, 700
Bruit, with hemangioma, 801t
Bucket brigade model, for patterning of 

developing vascular smooth muscle cell 
layers, 9–10

Buerger color, 537
Buerger's disease. See Thromboangiitis 

obliterans (TAO).
Bulbar artery, functional anatomy of, 343f
Bulbourethral vein, functional anatomy of, 343f

Bystolic (nebivolol)
for peripheral artery disease, 244
pharmacology of, 86t

C

Ca2+ (calcium) channels
in vascular pharmacology, 87–88
in vascular smooth muscle cell proliferation, 

36
CAA (cerebral amyloid angiopathy), and 

intracerebral hemorrhage, 364
CABG (coronary artery bypass grafting)

atheroembolism due to, 574–575
for Kawasaki disease, 552

Cadherins, in vascular smooth muscle cell 
phenotypic modulation, 31–32

CAESAR (Comparison of Surveillance vs. Aortic 
Endografting for Small Aneurysm Repair) 
trial, 474

Caffeine, pharmacology of, 84
Calan (verapamil)

for peripheral artery disease, 252
pharmacology of, 87–88, 88t

Calcification
of atherosclerotic plaque, 116
and carotid artery stenting, 390–392, 391f

Calcified nodule, erosion of, 118f, 119
Calcium channel blockers (CCBs)

for peripheral artery disease, 252
for pernio, 616
pharmacology of, 87–88, 88t
for pulmonary arterial hypertension, 680
for Raynaud's phenomenon, 596

Calcium (Ca2+) channels
in vascular pharmacology, 87–88
in vascular smooth muscle cell proliferation, 

36
Calcium-calmodulin complex, in vascular 

smooth muscle contraction, 75, 76f
Calf "muscle pump", and varicose veins, 639, 641f
Calf vessel injuries, 750–751
Calmodulin (CaM), in vasocontraction, 34, 34f
cAMP (cyclic adenosine 3',5'-monophosphate), 

in vascular smooth muscle cell proliferation, 
37

Cancer
strokes related to, 364
with vascular anomalies, 805
venous thromboembolism with, 623–624, 627

Candesartan (Atacand), pharmacology of, 90t
Cangrelor, pharmacology of, 97
Capillary malformations, 781–782, 782f
Capillary malformations/arteriovenous 

malformation (CM-AVM), 795t, 798
Capillary-lymphatic-venous malformations 

(CLVMs), 784–785
Captopril (Capoten)

pharmacology of, 90t
for Raynaud's phenomenon, 597

Captopril scintigraphy, for renal artery stenosis, 
298

CAPTURE 2 study, 405, 406
Carbon dioxide (CO2) angiography, for renal 

artery stenosis, 304
Cardene (nicardipine), pharmacology of, 88t
Cardiac arteriovenous malformations, 784–785
Cardiac biomarkers, for pulmonary embolism, 

632
Cardiac box, trauma to, 741–742
Cardiac catheterization

atheroembolism due to, 575
for pulmonary arterial hypertension, 678
renal angiography at time of, 297–298, 304

Cardiac complications, of abdominal aortic 
aneurysm repair, 488

Cardiac hemangiomas, 784–785
Cardiac monitoring, for acute ischemic stroke, 

378
Cardiac output, 690t
Cardiac stress testing, for Kawasaki disease, 550
Cardiac surgery, with pulmonary hypertension, 

690
Cardiac testing, for Kawasaki disease, 549–550, 

550f
Cardiac troponins, with pulmonary embolism, 

632
Cardiopulmonary bypass (CPB), for acute 

proximal aortic dissection repair, 435–436, 
436f

Cardiovascular outcome, impact of renal 
revascularization on, 313

Cardiovascular surgery, atheroembolism due to, 
573–575

Cardiovascular system, overview of, 1
Cardizem (diltiazem)

pharmacology of, 87–88, 88t
for pulmonary arterial hypertension, 680
for Raynaud's phenomenon, 596

Cardura (doxazosin), pharmacology of, 85t
CArG box, in smooth muscle cell differentiation, 9
C-arm cone-beam CT, for endovascular 

aneurysm repair, 493
Carnitine, in peripheral artery disease, 228
l-Carnitine, for peripheral artery disease, 252
Carotid and Vertebral Artery Transluminal 

Angioplasty Study (CAVATAS-1), 387
Carotid angiography, 204, 207f
Carotid arterial walls, ultrasound 

characterization of, 154–155, 156f
Carotid arteries

auscultation of, 146–147, 146f
MR angiography of, 171, 171f
palpation of, 146

Carotid artery aneurysms, infected, 713–714
Carotid artery atherosclerosis, 187–188, 188f
Carotid artery disease

CT angiography of, 187
atherosclerotic vs. nonatherosclerotic, 

187–188, 188f
for diagnosis, 187–188
technical considerations in, 187

history of, 141
MR angiography of, 171, 171f

Carotid artery dissection
MR angiography of, 171, 171f
ultrasound of, 155, 156f

Carotid artery occlusion, and carotid artery 
stenting, 392, 392f

Carotid artery pseudoaneurysm, 187, 188f
Carotid artery stenosis (CAS)

asymptomatic, 388–389
with high stroke risk, 388–389, 389t

after cervical irradiation, 410
CT angiography of, 187

atherosclerotic vs. nonatherosclerotic, 
187–188, 188f

for diagnosis, 187–188
technical considerations in, 187

duplex ultrasound of, 152
spectral waveform analysis of, 153, 154f
symptomatic, 387–388

Carotid artery stenting (CAS), 386–414
antihypertension and β-blocker medication 

with, 395
antiplatelet agents and anticoagulants with, 395
with concomitant coronary arterial disease, 411
current recommendations and future of, 

411–412, 411f, 412f
discharge protocol after, 401–402, 402b
durability of, 392, 405, 409
hemodynamic management with, 402
in high–CEA risk patients, 389–390, 390b

results of, 404–406, 404b, 404t
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Carotid artery stenting (CAS) ( Continued)
historical perspective on, 386–387
indications and contraindications for, 387–389

in asymptomatic patients, 388–389
with high risk of stroke, 388–389, 389t
vs. medical treatment, 388, 388t

in symptomatic patients, 387–388, 387t
initial evaluation for, 393–394
neurological complications of, 402–403

cerebral hyperperfusion syndrome as, 403
patient selection for, 389–392

calcification and ulceration in, 390–392, 391f
characteristics of ideal vs. unsuitable lesion 

in, 390, 391f
end-diastolic flow velocity in, 390, 390f
kinks or bends (excessive vascular 

tortuosity) in, 391f, 392
occlusion in, 392, 392f
procedure-related risks in, 389–392

high, 389–390, 390b
standard, 389b, 390–392

string sign in, 392, 392f
thrombus in, 392, 393f
unfavorable anatomical features in, 392, 394f

preprocedure issues with, 394–395
procedural considerations for, 393–395
restenosis after, 409, 411
results of

with embolic protection, 404
without embolic protection, 403–404
in high-risk carotid endarterectomy patients, 

404–406, 404b, 404t
analysis and critique of, 404t, 405–406, 406f
operator experience in, 405
postapproval registries in, 405, 405t

in special patient groups, 410
after cervical irradiation, 410
elderly as, 410
with post–carotid endarterectomy 

restenosis, 410
women as, 410

in symptomatic and asymptomatic standard-
risk patients, 407–410, 408f, 408t

clinical durability in, 409
cranial nerve injuries and their sequelae 

in, 409, 409t
minor strokes in, 408–409
myocardial infarction in, 409
restenosis in, 409
secondary endpoints in, 409
summary of, 409–410

in symptomatic standard-risk patients, 
406–407

analysis and critique of, 407
for stroke prevention, 381
technique of, 395–402

access site hemostasis in, 401–402
carotid sheath placement in, 396–398, 397f

coaxial sheath technique for, 398
vs. guide catheter, 398
imaging after, 398
one-step (telescoping) approach for, 

397–398, 397f
two-step over-the-wire approach for, 397, 

397f
diagnostic angiographic evaluation in, 

395–396, 395f
catheter selection for, 396, 396f
sequence of acquisition views in, 396b, 

398
embolic protection devices in, 398–399, 398f

deployment of, 399, 399f
removal of, 401–402
results with, 404
results without, 403–404

final angiographic assessment in, 401
of cervical internal carotid artery, 401
of intracranial vessels, 401

Carotid artery stenting (CAS) ( Continued)
lesion predilatation in, 399
postdilatation, 401
sheath removal in, 401–402
stents in, 399–401, 400f
vascular access in, 395

3% rule of, 389
for transient ischemic attacks, 381

Carotid artery trauma, 742–744
blunt, 743–744

classification of, 744, 744t
clinical management of, 744
diagnostic evaluation of, 744

penetrating, 742–743
anatomic considerations in, 743, 743b
diagnostic evaluation of, 742–743
endovascular management of, 743
operative approach/open surgical 

management of, 743
Carotid bifurcation disease, pathology of, 415
Carotid duplex ultrasound, 152–155

of absent diastolic flow in common carotid 
artery, 154, 154f

color Doppler in, 152, 153f
gray-scale survey in, 152, 153f
during intermittent tapping of temporal artery, 

153, 153f
of internal carotid artery stenosis, 153, 154f, 154t
internal vs. external carotid artery in, 153, 153f

Carotid endarterectomy (CEA), 415–418
clinical trials of, 417–418

asymptomatic, 417
vs. carotid angioplasty/stenting, 417–418
symptomatic, 417

complications of, 417
historical background of, 386, 415
postoperative management after, 417
preoperative imaging for, 415–416
restenosis after, 410
for stroke prevention, 381
techniques of, 416–417
for transient ischemic attacks, 380–381

Carotid intima media thickness, ultrasound of, 
155, 156f

Carotid plaque, ultrasound of, 154–155, 155f
Carotid Revascularization Endarterectomy 

versus Stenting Trial (CREST), 388, 406, 
407–410, 418

Carotid sheath
placement of, 396–398, 397f

coaxial sheath technique for, 398
vs. guide catheter, 398
imaging after, 398
one-step (telescoping) approach for, 

397–398, 397f
two-step over-the-wire approach for, 397, 397f

removal of, 401–402
Carotid sinus baroreceptor, 402
Carotid Stenting Trialists Collaboration (CSTC), 

410
Carpal tunnel syndrome, Raynaud's  

phenomenon due to, 593
Carvedilol (Coreg), pharmacology of, 86t
CAS. See Carotid artery stenosis (CAS); Carotid 

artery stenting (CAS).
Catapres (clonidine), pharmacology of, 85t, 86
Catecholamine metabolism, pharmacological 

interruption of, 83–84, 84f
Catechol-O-methyl transferase (COMT), 83–84, 

84f
Catenins, in adherens junctions, 16
Catheter(s), for cervico-cerebral angiography, 

396, 396f
Catheter intervention, for pulmonary embolism, 

634, 634t
Catheter-based peripheral angiography, 199–209

for abdominal aortography and lower-
extremity runoff, 200–201, 200f, 201f

Catheter-based peripheral angiography 
( Continued)

of aortic arch and brachiocephalic vessels, 
202–204, 205f, 206f

aortoiliac and lower-extremity, 201–202, 203f, 
204f, 205f

carotid, 204, 207f
complications of, 205–208

access site–related, 205–208, 259, 261f
catheter-related, 208
systemic, 208

imaging equipment for, 199, 199f
imaging technique for, 199–200
obtaining vascular access for, 200–205, 200f
radiographic contrast for, 199
for renal artery stenosis, 303–304
selective mesenteric, 201, 202f
selective renal, 201, 201f, 202f
subclavian, 204, 207f
vertebral, 204–205, 207f, 208f

Cattell-Braasch maneuver, 745–746
Causalgia

Raynaud's phenomenon due to, 593
Caval filters

for pulmonary embolism, 635
for venous thromboembolism, 623

CAVATAS-1 (Carotid and Vertebral Artery 
Transluminal Angioplasty Study), 387

Caveolae, 16
Cavernosal artery, 343f
Cavernous angioma, 782
Cavernous artery, 342
Cavernous hemangioma, 782
Cavernous lymphangioma, 706
Cavernous malformations, and intracerebral 

hemorrhage, 364
Cavernous nerve, 342, 343f
Cavernous sinuses, septic thrombosis  

of, 723–724
Cavernous vein, 343f
Cavovarus foot type, in diabetes, 731
CCA. See Common carotid artery (CCA).
CCBs. See Calcium channel blockers (CCBs).
CCN, in vascular smooth muscle cell phenotypic 

modulation, 33
CCR-7 (chemokine receptor-7), in medium- and 

large-sized artery vasculitis, 130, 130f
CD40 ligand (CD40L), in thrombosis, 136
CDKs (cyclin-dependent kinases), in regulation 

of cell cycle, 35, 36f
CEA. See Carotid endarterectomy (CEA).
CEAP classification, of chronic venous 

insufficiency, 145, 145t, 652, 653b, 658
Celiac artery, fibromuscular dysplasia of, CT 

angiography of, 193, 194f
Celiac artery stenosis, 329, 330f
Celiac artery thrombosis, 323
Celiac axis injury, 747
Celiac trunk

angiography of, 201f
ultrasound of, 156, 156f

Cell cycle, of vascular smooth muscle  
cells, 35, 36f

Cell signaling, subendothelial extracellular 
matrix as regulator of, 62–66, 63f, 64f, 65f

Cell surface proteoglycans, 61
Cell-based therapy, for thromboangiitis obliterans, 

543
Cell-binding domain, of fibronectin, 56
Cell-cell adhesion molecules, in vascular smooth 

muscle cell phenotypic modulation, 31–32
Cell-cell interactions, in vascular smooth muscle 

cell phenotypic modulation, 31–34
Cell-cell junctions, in vascular smooth muscle 

cell proliferation, 37
Cell-matrix adhesion molecules, in vascular 

smooth muscle cell phenotypic modulation, 
32–34
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Cell-matrix contacts, in vascular smooth muscle 
cell proliferation, 37

Cell-matrix interactions, in vascular smooth 
muscle cell phenotypic modulation, 31–34

Cellular death, in renal artery disease, 293
Cellular repair, in renal artery disease, 293
Cellulitis, lymphedema and, 704
CE-MRA (contrast-enhanced magnetic 

resonance angiography), 167t, 169
of peripheral artery disease, 238, 238f

Central nervous system (CNS)
arteriovenous malformations of, 783
primary angiitis of, 509t, 513, 514f

Central nervous system (CNS) tumor, vs. stroke, 
365t

Central vein suppurative thrombophlebitis, 723
Cerebral amyloid angiopathy (CAA), and 

intracerebral hemorrhage, 364
Cerebral edema, in acute ischemic stroke, 378
Cerebral hyperperfusion syndrome (CHS), due 

to carotid artery stenting, 403
Cerebral perfusion, for acute proximal aortic 

dissection repair, 436
Cerebral perfusion pressure, in acute ischemic 

stroke, 378
Cerebrovascular disease

acute treatment of, 356–357
clinical assessment tools for, 365–370

brain imaging as, 366–368
CT for, 366, 366f, 367f
MRI for, 366–367, 367f, 368f

history and physical examination as, 
365–366, 366t

laboratory tests as, 369–370, 370t
vascular imaging as, 368–369, 368f, 369f, 369t

clinical manifestations of, 361–365
epidemiology of, 349–360

cost in, 349
overview of, 349
regional patterns in, 349–350, 350f
stroke burden in, 349

hemorrhagic
evaluation of, 361
due to intracerebral hemorrhage, 364, 364t
overview of, 361
sentinel headache prior to, 362–363
due to subarachnoid hemorrhage, 365, 365t

ischemic
device recanalization for, 375
diffusion- or perfusion-weighted MRI of, 

376–377, 376f
ischemic penumbra over time in, 372, 373b
medical treatment of, 372–385

anticoagulation and antiplatelet therapy 
in, 379–380

blood pressure management in, 378, 379t
cardiac monitoring in, 378
for fever, 378
general, 377–379
hemodilution in, 380
for hypoglycemia and hyperglycemia, 

377–378
hypothermia in, 378
intra-arterial tissue plasminogen activator 

for, 374–375
intra-arterial urokinase for, 375
intravenous fluid therapy in, 378
intravenous tissue plasminogen activator 

for, 374, 374b
neuroprotective drugs in, 375–376, 375b, 

376b
overview of, 361
pathogenesis of, 372, 373f, 415
perfusion CT of, 376–377, 377f
prehospital and emergency department 

management of, 372–374
chain of survival in, 372, 373t
evaluation time benchmarks for, 372, 373t

Cerebrovascular disease ( Continued)
general care in, 372, 374t
guidelines for, 372, 373t
immediate diagnostic test in, 372–373, 374b
ventilatory support in, 373–374

prevention of
primary, 381–383
secondary, 380–381

specialized stroke care units for, 375
syndromes of, 362t, 363
transient ischemic attacks and, 349, 361–363

secondary prevention for, 380–381
in young adults, 363

mimics of, 365, 365t
overview of, 361
peripheral artery disease as predictor of, 

219–221, 220t
related to systemic disease, 363–364
risk factors for, 350–353, 350b

alcohol consumption as, 353
blood homocysteine levels as, 356
demographic, 350–351

age as, 350–351
race/ethnicity as, 351
sex as, 351

environmental, 352–353
cigarette smoking as, 352–353

fibrinogen, clotting factors, and 
inflammation as, 355–356

lifestyle, 351–352
diet/nutrition as, 351
overweight/obesity as, 352
physical inactivity as, 351–352

medically treatable, 353–355
atrial fibrillation as, 354–355
diabetes as, 354
hypertension as, 353
lipids as, 353–354
sickle cell disease as, 355
sleep-disordered breathing as, 355

migraine as, 356
in young adults, 363

warning signs of, 356–357
Cervical aortic arch, 779–780
Cervical irradiation, carotid artery stenosis after, 

410
Cervical rib, in thoracic outlet syndrome, 756, 

756f
CFA (common femoral artery)

angiography of, 202, 203f
MR angiography of, 175f
vascular access for peripheral angiography 

via, 200–205, 200f
cGMP (cyclic guanosine 3',5'-monophosphate), in 

vascular smooth muscle cell proliferation, 37
Charcot foot, 729f, 730
Charing Cross Venous Ulceration Questionnaire 

(CXVUQ), 640–642
Chemical sclerotherapy

for telangiectasia/reticular veins, 650
for varicose veins, 644–645, 645t, 646f

Chemokine receptor-7 (CCR-7), in medium- and 
large-sized artery vasculitis, 130, 130f

Chemokine receptors, in endothelial regulation 
of response to inflammatory and immune 
stimuli, 18

Chemotherapeutic agents, Raynaud's 
phenomenon due to, 594

Chest radiography
for aortic aneurysms, 473, 474f
of pulmonary arterial hypertension, 676, 677f
of pulmonary embolism, 630

Chilblains. See Pernio.
CHIVA cure, for varicose veins, 649
Cholesterol

and atherosclerosis, 111, 113f
and peripheral artery disease, 216, 216t
and stroke risk, 353–354

Cholesterol crystal embolization. See 
Atheroembolism.

Chronic kidney disease, atherosclerotic renal 
artery stenosis with, 312, 312f

Chronic mesenteric ischemia (CMI), 326–327, 
329–332

epidemiology of, 326, 326b
pathophysiology and natural history of, 

326–327
radiologic diagnosis of, 329–332

CT for, 332, 332f
duplex ultrasonography for, 329–332, 331f
mesenteric angiography for, 329, 330f
MR angiography for, 178, 179f, 332
with splanchnic arterial stenosis, 330–332, 

331f, 332f
signs and symptoms of, 329
treatment of, 332–338

endovascular, 336–337, 336f
history of, 333
indications for operation in, 333
revascularization for

multiple-vessel, 333
single-vessel, 333, 334t

superior mesenteric artery bypass for, 
334–336

antegrade, 334, 335f
postoperative care after, 335–336
postoperative monitoring of graft patency 

after, 334–335, 335f, 336f
retrograde, 334, 334f, 335f

Chronic mountain sickness syndrome (CMS), 
pulmonary hypertension due to, 692

Chronic obstructive pulmonary disease (COPD), 
pulmonary hypertension due to, 691

Chronic thromboembolic pulmonary 
hypertension (CTEPH), 692–693

diagnosis and medical treatment of, 692, 
693f

surgical treatment of, 692–693, 693t
Chronic venous disease (CVD), 652
Chronic venous insufficiency (CVI), 652–666

anatomy of, 652, 654f
calf "muscle pump" and, 641f
CEAP classification of, 652, 653b
clinical presentation of, 652, 653f
definition of, 652
diagnostic evaluation of, 653–658

contrast venography and hemodynamic 
studies in, 656, 658f

CT and MR venography in, 658
duplex scanning in, 655–656, 656f
history in, 141, 653–654, 655t
intravascular ultrasound in, 656
laboratory testing in, 658
physical examination in, 145, 145f, 145t, 

654–655
plethysmography in, 656, 657f
severity of venous disease in, 658

epidemiology of, 652
etiology of, 652, 654f
lower-extremity ulceration due to

assessment of, 732–734
history in, 732
physical examination in, 732
ulcer evaluation in, 733
vascular examination in, 734

management of, 735
pathophysiology of, 727–729, 729f

pathophysiology of, 652–653
treatment of, 658–664, 659f

assessment of outcome of, 664
endovenous, 662–664

for deep vein incompetence, 663
for deep vein obstruction, 663–664, 663f, 

664f
for perforator incompetence, 662–663
for superficial vein incompetence, 662
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Chronic venous insufficiency (CVI) ( Continued)
noninvasive, 659–660

compression therapy as, 659–660
drug treatment as, 659

surgical, 660–662
for deep vein incompetence, 660–661
for deep vein obstruction, 661–662, 662f
for perforator vein incompetence, 660
for superficial vein incompetence, 660

Chronic Venous Insufficiency Questionnaire 
(CIVIQ), 640–642

CHS (cerebral hyperperfusion syndrome), due to 
carotid artery stenting, 403

Churg-Strauss syndrome (CSS), 512–513
clinical manifestations of, 509t
pathogenesis of, 129

Chylothorax, 706
Chylous ascites, 706
Chylous reflux, 706
CIA (common iliac artery), angiography of, 201, 

203f, 205f
CIA (common iliac artery) aneurysm, 160f

CT angiography of, 195f
Cialis (tadalafil)

for erectile dysfunction, 345
pharmacology of, 79–80, 79t
for pulmonary arterial hypertension, 680

Cigarette smoking
and atherosclerosis, 112
and critical limb ischemia, 232–233
and peripheral artery disease, 214–215, 215t
and stroke risk, 352–353
and thromboangiitis obliterans, 533–534

Cilostazol
for peripheral artery disease, 251, 251f
for prevention of atheroembolism, 583
for thromboangiitis obliterans, 542

Ciprostene, for peripheral artery disease, 252
Circumflex artery, 343f
Circumflex cavernosal artery, 343f
Circumflex vein, 343f
Cirsoid aneurysms, 782
CIVIQ (Chronic Venous Insufficiency 

Questionnaire), 640–642
ClariVein, 645
Claudication

intermittent
blood flow response to exercise in, 225
classification of, 231, 232t
defined, 211
differential diagnosis of, 231–232, 232b
exercise-induced, 223
history of, 139
and lower-extremity ulceration, 732
medical treatment of, 250
patient questionnaires on, 211, 212t
symptoms of, 231

venous, history of, 141
Claudication distance

absolute, 231
initial, 231

Claudins, in tight junctions, 16
CLI. See Critical limb ischemia (CLI).
Clonidine (Catapres), pharmacology of, 85t, 86
Clopidogrel

for acute ischemic stroke, 380
with carotid artery stenting, 395
for peripheral artery disease, 248, 249, 249f
pharmacology of, 96
for prevention of arterial thrombosis, 135
for prevention of atheroembolism, 583

Clot formation. See Hemostasis.
Clotting factors, and stroke risk, 355–356
CLOVES syndrome, 795t
CLVMs (capillary-lymphatic-venous 

malformations), 784–785
CM-AVM (capillary malformations/arteriovenous 

malformation), 795t, 798

CMI. See Chronic mesenteric ischemia (CMI).
CMS (chronic mountain sickness syndrome), 

pulmonary hypertension due to, 692
CNP (C-type natriuretic peptide), pharmacology 

of, 79.
CNS (central nervous system)

arteriovenous malformations of, 783
primary angiitis of, 509t, 513, 514f

CNS (central nervous system) tumor, vs.  
stroke, 365t

CO2 (carbon dioxide) angiography, for renal 
artery stenosis, 304

COA. See Coarctation of the aorta (COA).
Coacervation, 53
Coagulation

in atherothrombotic vascular disease, 94, 95f
overview of, 99–100, 99f

Coagulation cascade, 70–72, 71f, 99, 99f
Coagulation disorders, 71
Coagulation factors, in arterial thrombosis, 134b
Coagulation pathways, 70–72, 71f, 99, 99f
Coagulation regulatory system, 133, 133f
Coarctation of the aorta (COA), 776–778

classification of, 776, 777b
collateral circulation in, 777, 777f, 778f
complications of, 778
conditions associated with, 777–778
incidence of, 776
pathology of, 776–777

Coaxial sheath technique, for carotid sheath 
placement, 398

Cockett's perforators, 639, 640f, 652, 654f
Cogan syndrome, 510
COLA1, in regulation of collagen biosynthesis, 

48–49
COLA2, in regulation of collagen biosynthesis, 

48–49
Cold agglutinins, and Raynaud's  

phenomenon, 593
Collagen(s), 44–50

in aortic aneurysm, 457–458
in extracellular matrix, 7, 10, 10f
extracellular maturation of, 50
fibril-associated with interrupted triple helices, 

46–47, 46f
fibrillar, 44, 47f
multiplexin family of, 45–46, 50f
network-forming, 44–46, 46f, 48f, 50f
in platelet activation, 94
and platelet interactions, 64–66
regulation of biosynthesis of, 48–50
in tunica adventitia, 11
turnover of, 50
types of, 44, 45t, 46f
with unique structures, 46f, 47
in vascular smooth muscle cell phenotypic 

modulation, 32–33
Collagen vascular disease(s)

and pulmonary arterial hypertension, 672
treatment of, 681

Raynaud's phenomenon due to, 592
Collagenase, 50–52, 51t
Collagen-binding domain, of fibronectin, 56
Collagen-GPVI inhibitors, 98
Collateral circulation, with coarctation of aorta, 

777, 777f, 778f
Colon ischemia, after abdominal aortic 

aneurysm repair, 488–489
Color aliasing, 152, 152f
Color Doppler, 151–152, 152f
Color persistence, 152
Combined vascular malformations, 784–785
Common carotid artery (CCA)

absent diastolic flow in, 154, 154f
angiography of, 204, 205f, 206f

subclavian, 204, 207f
duplex ultrasound of, 152–155, 153f
spectral waveform analysis of, 154, 154f

Common femoral artery (CFA)
angiography of, 202, 203f
MR angiography of, 175f
vascular access for peripheral angiography 

via, 200–205, 200f
Common iliac artery (CIA), angiography of, 201, 

203f, 205f
Common iliac artery (CIA) aneurysm, 160f

CT angiography of, 195f
Common pathway, of coagulation cascade, 72, 99
Comparison of Surveillance vs. Aortic 

Endografting for Small Aneurysm Repair 
(CAESAR) trial, 474

Compartment syndrome, 561, 568–569, 740–741
fasciotomy for, 741

Competitive antagonists, 75–76, 77f
Complement pathway, in small-vessel vasculitis, 

126–127
Complete blood cell counts, for vasculitis, 515
Complex bypass, for deep vein obstruction, 661
Complex regional pain syndrome

Raynaud's phenomenon due to, 593
Compression therapy

for chronic venous insufficiency, 659–660
for varicose veins, 644

Compression ultrasound (CUS), for deep vein 
thrombosis, 620, 621f

Compressive bandages, for lymphedema,  
703, 704f

Computed tomographic angiography (CTA), 
184–198

of abdominal aorta, 191–192, 192f, 193f
of aortic aneurysms, 475, 475f, 476f
of aortic dissection, 426, 426f

abdominal, 191
thoracic, 190–191, 191f

artifacts and pitfalls of, 196
in atherosclerotic and nonatherosclerotic 

disease, 187–188, 188f
of carotid disease, 187–188
contrast administration for, 185
image postprocessing for, 186
imaging reconstruction in, 185–186
of mesenteric artery disease, 193, 194f
multidetector

of carotid artery disease, 187–188
of thoracic aorta, 190–191

clinical applications of, 190–191, 191f
technical considerations in, 190

of neurovascular circulation, 187
other indications for, 196, 196f
of peripheral artery disease, 194–196

aneurysmal, 195, 195f
atherosclerotic, 195, 195f
clinical applications of, 195, 195f
for endovascular stent evaluation, 196
maximal-intensity projection, 239
technical considerations with, 194, 194t
vasculitis as, 196
volume-rendered, 239, 239f

of pulmonary arteries, 189–190, 189f
of renal artery disease, 193, 194f
for renal artery stenosis, 193, 303, 303f, 304t
of thoracic aorta, 190–191, 191f

Computed tomographic (CT) venography, of 
deep venous thrombosis, 189, 621

Computed tomography (CT)
advantages and disadvantages of, 167t
of aortic graft infection, 716–717, 717f
attenuation data for image reconstruction in, 

184–185
beam pitch in, 185
for chronic venous insufficiency, 658
contrast-enhanced, for pulmonary embolism, 

631, 631f
ECG gating in, 185
fundamentals of, 184–186
general acquisition parameters for, 185
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Computed tomography (CT) ( Continued)
of lymphedema, 703
multidetector, 184
perfusion, of acute ischemic stroke, 376–377, 

377f
radiation exposure with, 186–187

dose reduction techniques in, 186–187
dosimetry in, 186

scanner for, 184
scanning modes for, 185
for vasculitis, 517

Computed tomography dose index (CTDI), 186
Computed tomography of pulmonary arteries 

(CTPA), 189–190, 189f
COMT (catechol-O-methyl transferase), 83–84, 84f
Conformation-specific receptor agonists, 75, 76f
Congenital coronary artery anomalies, 775–776

angiographic and other imaging of, 775–776, 
776f

left circumflex, 775
left main, 775
origins from pulmonary trunk as, 775
right, 775

Congenital hemangiomas, 790
epidemiology of, 790
noninvoluting, 790, 792f
and PHACE(S) syndrome, 790, 793f
rapidly involuting, 790, 792f
segmental distribution of, 790, 792f, 793f
sequential development of, 790, 791f

Congenital stenosis of pulmonary veins, 774–775
Congenital vascular anomalies and 

malformations, 771–789
anomalous venous connections as, 771–773

congenital stenosis of pulmonary veins as, 
774–775

cor triatriatum as, 773–774
dexter, 775

pulmonary, 771–773
embryology of, 771, 772f
partial, 771, 772–773, 774f
subtotal, 773
total, 771, 773f

systemic, 775
classification of, 781–785, 791b
of coronary arteries, 775–776

angiographic and other imaging of, 775–776, 
776f

left circumflex, 775
left main, 775
origins from pulmonary trunk as, 775
right, 775

fibromuscular dysplasia as, 785–787
of aortic arch vessels, 786–787
histological subtypes of, 785–786

adventitial or periarterial, 785f, 786, 787f
intimal, 785f, 786, 786f
medial, 785, 785f

of miscellaneous sites, 787
of renal arteries, 786

of great vessels, 776–780
aortic arch anomalies as, 778–780, 778b

cervical/interrupted, 779–780
clinical presentation and diagnosis of, 780
development of, 778–779, 779f
double, 779, 780f
ductus arteriosus sling as, 779
incidence of, 778–779
left, 779, 780f
right, 779, 780f

coarctation of aorta as, 776–778
classification of, 776, 777b
collateral circulation in, 777, 777f, 778f
complications of, 778
conditions associated with, 777–778
incidence of, 776
pathology of, 776–777

peripheral, 781–783, 790–809

Congenital vascular anomalies and 
malformations ( Continued)
clinical issues with, 798–805, 801t, 802t

airway symptoms as, 798
bleeding associated with coagulation and 

other abnormalities as, 804
gynecological issues as, 804
with hemangiomatosis, 803
hemodynamic sequelae as, 804
with hepatic hemangiomas, 800
malignancies as, 805
orthopedic concerns as, 804
with periocular lesions, 798–799
with port-wine stains, 798
psychosocial issues as, 804, 805t
ulcerating lesions as, 803

combined (capillary-venous-lymphatic), 
784–785

etiology of, 797–798
adipocytes in, 798, 800f
endothelial cells in, 798, 800b
metastatic niche theory of, 798, 799f

fast-flow, 782–783
arteriovenous, 782–783, 784f

genetics of, 798, 800f
prenatal diagnosis of, 797
proliferative, 790–793
slow-flow, 781–782

capillary, 781–782, 782f
venous, 782

static, 793–794, 794f
syndromic, 794–797, 795t

blue rubber bleb nevus syndrome as, 794, 
797f

Klippel-Trénaunay syndrome as, 794, 796f, 
797f

PTEN-associated hamartoma syndromes 
as, 794–797

Sturge-Weber syndrome as, 794
treatment of

for hemangiomas, 805–806, 806f
for vascular malformations, 806

proliferative, 790–793, 791b
hemangiomas as, 790–793

of infancy, 790, 791f, 792f
segmental, 790, 792f, 793f

Kaposi sarcoma as, 792–793
kaposiform hemangioendothelioma as, 

790–792, 793f
Kasabach-Merritt phenomenon as, 790–792
pyogenic granuloma as, 792, 793f
tufted angioma as, 792, 793f

of pulmonary trunk and arteries, 780–781
aortopulmonary communication as, 781
origin of right or left pulmonary artery from 

ascending aorta as, 780–781
vascular malformations as, 781–783

clinical issues with, 791, 801t
combined (capillary-venous-lymphatic), 

784–785
etiology of, 797–798
fast-flow, 782–783

arteriovenous, 782–783, 784f
genetics of, 798, 800f
gynecological issues with, 804
lymphatic, 794, 794f
slow-flow, 781–782

capillary, 781–782, 782f, 793–794, 794f
venous, 782

treatment of, 806
vascular tumors as, 785

Congestive heart failure, renal artery stenosis 
and, 296–297

Connective tissue(s)
loose, in tunica adventitia, 11
subendothelial. See Subendothelial 

connective tissues.
varieties of blood vessels and, 43

Connective tissue disease, vasculitis secondary 
to, 514

Connexins, in gap junction, influence on vascular 
smooth muscle cell functions by, 31–32

Contiguous arterial infection, 709
Continuous-wave (CW) Doppler, 148
Contraction, as phenotype-specific vascular 

smooth muscle cell function, 34–35, 34f
Contrast

for catheter-based peripheral angiography, 199
for CT angiography, 185

Contrast angiography
of aortic aneurysms, 477, 477f
of peripheral artery disease, 239, 239f

Contrast aortography, for endovascular aneurysm 
repair, 493

Contrast venography
for chronic venous insufficiency, 656, 658f
of deep vein thrombosis, 621

Contrast-enhanced computed tomography, for 
pulmonary embolism, 631, 631f

Contrast-enhanced magnetic resonance 
angiography (CE-MRA), 167t, 169

of peripheral artery disease, 238, 238f
Conventional angiography, of vasculitis, 516
Conversion reaction, vs. stroke, 365t
Conveyer belt model, for patterning of 

developing vascular smooth muscle cell 
layers, 9–10

COOH propeptide, in regulation of collagen 
biosynthesis, 50

COPD (chronic obstructive pulmonary disease), 
pulmonary hypertension due to, 691

Cor triatriatum, 773–774
dexter, 775

Coral reef aorta, 329, 330f
Coral reef plaque, 582
Coreg (carvedilol), pharmacology of, 86t
Corgard (nadolol)

pharmacology of, 86t
for vascular anomalies, 802t

Corkscrew collaterals, in thromboangiitis 
obliterans, 540, 541f

Corona phlebectatica, 654–655
Coronary angiography

for aortic dissection, 427
for Kawasaki disease, 550, 550f

Coronary artery(ies)
development of, 776f
MR angiography of, 172, 175f

Coronary artery abnormalities, in Kawasaki 
disease, 548–549

Coronary artery aneurysms, in Kawasaki disease, 
548–549

coronary angiography of, 550, 550f
persistent, 550–551, 550f
preventive cardiology for, 553
regressed, 551

Coronary artery anomalies, congenital, 775–776
angiographic and other imaging of, 775–776, 

776f
left circumflex, 775
left main, 775
origins from pulmonary trunk as, 775
right, 775

Coronary artery bypass grafting (CABG)
atheroembolism due to, 574–575
for Kawasaki disease, 552

Coronary artery disease
and carotid artery disease, 411
and pulmonary hypertension, 690t
and renal artery stenosis, 297–298

Coronary heart disease, peripheral artery disease 
as predictor of, 219–221, 220t

Coronary revascularization, for Kawasaki disease, 
552–553

Corpora cavernosa, 341, 342f
Corpus spongiosum, 342, 342f
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Corticosteroids
for hemangiomas, 802t, 805, 806f
intralymphatic injections of, for lymphedema, 

704
for Kawasaki disease, 552

Costoclavicular maneuver, 143
Coumarin, for lymphedema, 704
Covered stents, for femoral-popliteal artery 

disease, 263
Cowden syndrome, 794–797, 795t
COX. See Cyclooxygenase (COX).
Cozaar (losartan)

for Marfan syndrome, 421–422
pharmacology of, 89–90, 90t

CPB (cardiopulmonary bypass), for acute 
proximal aortic dissection repair, 435–436, 
436f

CPI-17 (protein kinase C–potentiated inhibitory 
protein of 17 kD), in vascular smooth 
muscle contraction, 75, 76f

Cranial arterial involvement, in giant cell arteritis, 
527, 527f

Cranial nerve injury
due to carotid artery stenting, 409, 409t
due to carotid endarterectomy, 417

C-reactive protein (CRP)
and atherosclerosis, 113f, 114
and peripheral artery disease, 218
and stroke risk, 355

Crescendo transient ischemic attack, 362
CREST (Carotid Revascularization 

Endarterectomy versus Stenting Trial), 388, 
406, 407–410, 418

CREST syndrome
and pulmonary arterial hypertension, 672
vs. thromboangiitis obliterans, 538

Critical artery stenosis, 225
Critical limb ischemia (CLI), 223, 232–233

defined, 223
differential diagnosis of, 233, 233b, 233f
edema in, 226
epidemiology of, 223, 232
history of, 139–140
medical treatment of, 250
microcirculatory, hemorheological, and 

thrombophilic abnormalities in, 226
risk factors for, 232–233
symptoms of, 232–233, 232f
in thromboangiitis obliterans, 537, 537f

Crocq's disease, 600
CRP (C-reactive protein)

and atherosclerosis, 113f, 114
and peripheral artery disease, 218
and stroke risk, 355

Cruikshank, William, 698–699
Crural vein, functional anatomy of, 343f
Cryofibrinogenemia, and Raynaud's  

phenomenon, 593
Cryoglobulin(s)

and Raynaud's phenomenon, 593
in vasculitis, 514

Cryoglobulinemic vasculitis (CV), 509t, 513
Cryoplasty, for femoral-popliteal artery disease, 

265
CSS (Churg-Strauss syndrome), 512–513

clinical manifestations of, 509t
pathogenesis of, 129

CSTC (Carotid Stenting Trialists Collaboration), 
410

CT. See Computed tomography (CT).
CTA. See Computed tomographic angiography 

(CTA).
CTDI (computed tomography dose  

index), 186
CTDIvol (volume-weighted computed 

tomography dose index), 186
CTDIw (weighted computed tomography dose 

index), 186

CTEPH (chronic thromboembolic pulmonary 
hypertension), 692–693

diagnosis and medical treatment of, 692, 693f
surgical treatment of, 692–693, 693t

CTPA (computed tomography of pulmonary 
arteries), 189–190, 189f

C-type natriuretic peptide (CNP), pharmacology 
of, 79

Current voltage, for CT, 185
CUS (compression ultrasound), for deep vein 

thrombosis, 620, 621f
Cutis marmorata telangiectatica congenita, 795t
Cutting balloon, for femoral-popliteal artery 

disease, 265
CV (cryoglobulinemic vasculitis), 509t, 513
CVD (chronic venous disease), 652
CVI. See Chronic venous insufficiency (CVI).
CW (continuous-wave) Doppler, 148
CXVUQ (Charing Cross Venous Ulceration 

Questionnaire), 640–642
Cyanosis, in Raynaud's phenomenon, 587, 588f
Cyclic adenosine 3',5'-monophosphate (cAMP), 

in vascular smooth muscle cell proliferation, 
37

Cyclic guanosine 3',5'-monophosphate (cGMP), 
in vascular smooth muscle cell proliferation, 
37

Cyclic strain, 19, 19f
Cyclin-dependent kinases (CDKs), in regulation 

of cell cycle, 35, 36f
Cyclooxygenase (COX) enzymes, 80–81, 80f
Cyclooxygenase (COX) inhibitors

and arachidonic acid cascade, 95–96, 95f
aspirin as, 95–96
NSAIDs as, 96
pharmacology of, 81, 95–96

Cyclooxygenase-2 (COX-2), and atherosclerosis, 
117–118

Cyclophosphamide, for vasculitis, 518
Cyclosporine, for vasculitis, 518
Cystathionine β-synthase, in peripheral artery 

disease, 247
Cystic adventitial disease, 766

diagnosis of, 766
outcomes of, 766
pathophysiology of, 766
presentation of, 766
treatment of, 766

Cystic angiomatosis of bone, 795t
Cystic hygroma, 706

D

DA. See Dopamine (DA).
Dabigatran etexilate

for acute ischemic stroke, 379
pharmacology of, 103–104
for venous thromboembolism, 623, 634

DAG (diacylglycerol), in vasocontraction, 34, 34f
DARC (Duffy antigen receptor for chemokines), 

in endothelial regulation of response to 
inflammatory and immune stimuli, 18

Darusentan, pharmacology of, 91t
Dazoxiben, and Raynaud's phenomenon, 591
D-dimer

in aortic dissection, 425
with venous thromboembolism, 620, 630, 630f

Decongestive lymphatic therapy, 703
Decorin, 60t, 61
Deep compartment, of lower-extremity venous 

network, 639, 652
Deep dorsal vein, functional anatomy of, 343f
Deep femoral artery (DFA), 200, 200f
Deep femoral vein, 640f
Deep femoral venous plexus, 642f
Deep vein(s), of lower limbs, 639, 652

Deep vein incompetence
endovenous treatment of, 663
surgical treatment of, 660–661

Deep vein obstruction
endovenous treatment of, 663–664, 663f, 664f
surgical treatment of, 661–662, 662f

Deep vein thrombosis (DVT), 619–626
after abdominal aortic aneurysm repair, 489
anticoagulation therapy for, 622–623, 623t
with cancer, 623–624
caval filters for, 623
clinical manifestations of, 619
definition for, 619
diagnosis of, 619–622, 620t

algorithm for, 621–622, 622f
diagnostic strategies for, 621–622
diagnostic tests for, 620–621

D-dimer as, 620
other tests for, 622

epidemiology of, 619
history of, 141
imaging of

compression ultrasound for, 620, 621f
contrast venography for, 621
CT venography for, 189, 621
duplex ultrasonography for, 163, 163f

venous, 162–164, 163f
MR venography for, 180–181, 181f

pathobiology of, 619, 620f
prediction of likelihood of, 619–620, 620t
in pregnancy, 624
prevention of, 624
prognosis for, 625
symptoms and signs of, 619
treatment of, 622–624

reperfusion therapy for, 622
upper-extremity, 624

Delta C, 2
Dementia, and carotid artery stenting, 390
Demyelinating disease, vs. stroke, 365t
Dendritic cells, in medium- and large-sized 

artery vasculitis, 130, 130f
Denver Scale, for blunt carotid injury, 744, 744t
Dependent rubor, in peripheral artery disease, 

234, 234f
Dermatitis, stasis, 732, 735
Dermatomyositis, Raynaud's phenomenon due 

to, 592
Descending aorta

in acute proximal aortic dissection repair, 438
normal, 458f

Desirudin, pharmacology of, 103
Detector collimation, 184
Device recanalization, for acute ischemic  

stroke, 375
DFA (deep femoral artery), 200, 200f
DHP (dihydropyridines), pharmacology of, 

87–88, 88t
Diabetes mellitus

and critical limb ischemia, 232–233
and peripheral artery disease, 215

control of, 245–247
and pulmonary hypertension, 690t
and stroke risk, 354

Diabetic foot
assessment of

history in, 732
neurological examination in, 734
ulcer evaluation in, 733

epidemiology of, 730
management of, 735
pathophysiology of, 730–732

arterial disease in, 731
infection in, 731–732, 731t
musculoskeletal deformities in, 730–731
neuropathy in, 730

Diabetic neuropathy, 730, 734
Diabetic sensory neuropathy, 730, 734
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Diacylglycerol (DAG), in vasocontraction, 34, 34f
Dialysis fistulae, ultrasound evaluation of, 162
Diastolic function, impaired, and pulmonary 

hypertension, 690t
Dibenzyline (phenoxybenzamine), 

pharmacology of, 85–86, 85t
Diet

and stroke risk, 351
for varicose veins, 643

Diethylcarbamazine, for filariasis, 700
Dieulafoy disease, 783
Differentiation-inducing factors, in phenotypic 

modulation of vascular smooth muscle 
cells, 27, 27f

Diffusion-weighted imaging (DWI), of stroke, 
366–367, 367f, 376–377, 376f

Digital pulse volume waveform, in Raynaud's 
phenomenon, 594, 595f

Digital subtraction angiography (DSA), 199
advantages and disadvantages of, 167t
for renal artery stenosis, 297f, 303–304

Digital subtraction stepping mode, 200
Digital sympathectomy, for Raynaud's 

phenomenon, 598
Digital vasospasm, 144

idiopathic episodic, 587–589
Dihydropyridines (DHP), pharmacology of, 

87–88, 88t
Diltiazem (Cardizem, Dilacor, Tiazac)

pharmacology of, 87–88, 88t
for pulmonary arterial hypertension, 680
for Raynaud's phenomenon, 596

Diovan (valsartan), pharmacology of, 90t
Dipyridamole

for acute ischemic stroke, 380
for prevention of atheroembolism, 583

Direct thrombin inhibitors (DTIs), 102
for pulmonary embolism, 633

Direct vascular smooth muscle relaxants, for 
Raynaud's phenomenon, 597

DIR-FSE (double inversion recovery fast spin 
echo) sequences, 166–167

Disappearing bone disease, 795t
Disodium ethylenediaminetetraacetic acid 

(EDTA), for peripheral artery disease, 255
Diuretics, for lymphedema, 704
DLAV (dorsal longitudinal anastomotic vessel), 

of zebrafish, 4
Dobutamine, pharmacology of, 85, 85t
Dodd's group, of perforating veins, 640f
Dopamine (DA)

pharmacology of, 85t, 87
release and uptake of, 83–84, 84f

Dopamine agonists, 87
Dopamine receptors, 87
Dorsal artery, 343f
Dorsal longitudinal anastomotic vessel (DLAV), 

of zebrafish, 4
Dorsal nerve, 343f
Dorsal venous arch, 654f
Dorsalis pedis (DP) artery, angiography of, 202
Dose profile, in CT, 186
Dose reduction techniques, with CT, 186–187
Dosimetry, with CT, 186
Dotter, Charles, 259, 563
Double inversion recovery fast spin echo (DIR-

FSE) sequences, 166–167
Double z-sampling, in CT, 184
Doxazosin (Cardura), pharmacology of, 85t
DP (dorsalis pedis) artery, angiography of, 202
DREAM (Dutch Randomized Endovascular 

Aneurysm Management) trial, 501
Drug(s), Raynaud's phenomenon due to, 594
Drug abuse

aortic dissection due to, 423–424
strokes related to, 363

Drug efficacy, 75, 76f
Drug potency, 75, 76f

Drug-eluting balloons and stents, for femoral-
popliteal artery disease, 263–264, 264f

Drug-induced vasculitis, 514
Drug-related strokes, 363, 364
DSA (digital subtraction angiography), 199

advantages and disadvantages of, 167t
for renal artery stenosis, 297f, 303–304

DTIs (direct thrombin inhibitors), 102
for pulmonary embolism, 633

DU-176b, pharmacology of, 105
Dual factors, in phenotypic modulation of 

vascular smooth muscle cells, 27–28, 27f
Dual-plane system, for peripheral vascular 

angiography, 199, 199f
Ductus arteriosus sling, 779
Duffy antigen receptor for chemokines (DARC), 

in endothelial regulation of response to 
inflammatory and immune stimuli, 18

Duplex ultrasonography, 148
of arterial stenosis, 152
of arteriovenous fistulae, 161–162, 161f
carotid, 152–155

of absent diastolic flow in common carotid 
artery, 154, 154f

color Doppler in, 152, 153f
gray-scale survey in, 152, 153f
during intermittent tapping of temporal 

artery, 153, 153f
of internal carotid artery stenosis, 153,  

154f, 154t
internal vs. external carotid artery in, 153, 153f

of peripheral artery disease, 158–160, 160f, 
236–237, 238f

for renal artery stenosis, 157–158, 158f, 159f, 
299–301

acceleration index in, 299–300
acceleration time in, 299–300
anterior and oblique approach for, 299, 300f
vs. arteriography, 300t
diagnostic criteria with, 299, 299t
peak systolic value in, 299
renal-to-aortic ratio in, 299
resistance index in, 299–300, 300f
after stent implantation, 300–301, 301f

for thoracic outlet syndrome, 759
venous, 162–164, 162f

of chronic venous insufficiency, 655–656, 656f
lower-extremity, 162–164, 163f
neck and upper-extremity, 162, 162f
of varicose veins, 642
of venous insufficiency, 164, 164f

Dutch Randomized Endovascular Aneurysm 
Management (DREAM) trial, 501

DVT. See Deep vein thrombosis (DVT).
DWI (diffusion-weighted imaging), of stroke, 

366–367, 367f, 376–377, 376f
DynaCirc (isradipine), pharmacology of, 88t
Dyslipidemia, control of, for peripheral artery 

disease, 243–244

E

EAST (elevated arm stress test), 144f, 758
EBT (endovascular brachytherapy), for femoral-

popliteal artery disease, 264
EC(s). See Endothelial cell(s) (ECs).
ECA (external carotid artery)

angiography of, 204, 206f
duplex ultrasound of, 152–155, 153f
spectral waveform analysis of, 153, 153f

ECG. See Electrocardiogram (ECG).
Echo time (TE), 166
Echocardiography

for Kawasaki disease, 549–550
for pulmonary arterial hypertension, 678
for pulmonary embolism, 631–632, 633f

Echolucent plaque, in carotid arteries,  
154–155, 155f

ECM. See Extracellular matrix (ECM).
ECST (European Carotid Surgery Trial), 386, 417
Ecto-adenosine diphosphatase (ecto-ADPase) 

CD39, endothelial secretion of, 14
Ectoderm, 1
ED. See Erectile dysfunction (ED).
Edarbi (azilsartan), pharmacology of, 90t
Edema

limb
in critical limb ischemia, 226
examination of, 144–145

lymph-. See Lymphedema.
pathogenesis of, 699
pitting, 701
pulmonary

flash, 288, 296–297
renovascular hypertension and, 288

EDHF (endothelium-derived hyperpolarizing 
factor), in regulation of vascular tone,  
17, 17f

Edoxaban, for venous thromboembolism, 623
EDS (Ehlers-Danlos syndrome)

aortic aneurysm in, 464
aortic dissection in, 422

EDTA (disodium ethylenediaminetetraacetic 
acid), for peripheral artery disease, 255

EETs (epoxyeicosatrienoic acids), in 
vasorelaxation, 35

Effective dose, in CT, 186
Efferent blood vessels, 1
Efferocytosis, in atherosclerosis, 116
Efficacy, of drug, 75, 76f
"Effort" thrombosis, 141

diagnosis of, 759, 760f
presentation of, 757
treatment of, 762

EFS (endovenous foam sclerotherapy), for 
varicose veins, 644–645, 645t, 646f

EGF (epidermal growth factor)
in cell signaling, 64
in phenotypic modulation of vascular smooth 

muscle cells, 26–27
Egf17, in vascular lumenization, 5
Ehlers-Danlos syndrome (EDS)

aortic aneurysm in, 464
aortic dissection in, 422

EIA (external iliac artery)
angiography of, 201, 202, 203f, 205f
MR angiography of, 175f

Ejaculation, retrograde, after abdominal aortic 
aneurysm repair, 489

EKOS EndoWave low-energy system, for acute 
limb ischemia, 566–567

Elastases, 54
Elastic lamina, in medium- and large-sized artery 

vasculitis, 130–131
Elastic support hose, for lymphedema, 703
Elastin(s), 52–55

in aortic aneurysm, 457–458
cross-links in, 53, 53f
in development and disease, 10, 10f
domain organization of, 52, 53f
in extracellular matrix, 7, 10, 10f
and vascular homeostasis, 54–55
in vascular smooth muscle cell phenotypic 

modulation, 33
Elastin microfibril interface-located proteins 

(EMILINs), in vascular smooth muscle cell 
phenotypic modulation, 33

Elastin-associated proteins, influence on vascular 
smooth muscle cell functions by, 33

Elastolysis, in medium- and large-sized artery 
vasculitis, 130–131

Elderly patients
acute proximal aortic dissection in, 433
carotid stenting in, 410
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Electrocardiogram (ECG)
for pulmonary arterial hypertension, 676
for pulmonary embolism, 630, 630b

Electrocardiographic (ECG)-controlled dose 
modulation, 187

Electrocardiographic (ECG) gating, 185
Electrolyte disturbance, vs. stroke, 365t
Electromyography (EMG), for thoracic outlet 

syndrome, 758
Elevated arm stress test (EAST), 144f, 758
Elgiloy Wallstent, 399
Elinogrel, pharmacology of, 97
Embolectomy

for acute mesenteric arterial embolism, 328
for pulmonary embolism, 635
suction, for acute limb ischemia, 566, 566f, 567f

Embolectomy balloon, for acute limb ischemia, 
567, 568f

Embolic protection devices (EPDs), for carotid 
artery stenting, 398–399, 398f

deployment of, 399, 399f
flow-interrupting (occlusive), 398–399, 398f

distal, 398–399, 398f
proximal, 398–399, 398f

flow-preserving (non-occlusive), 398–399, 398f
removal of, 401–402
results with, 404
results without, 403–404

Embolism
acute limb ischemia due to

of lower limb, 559, 560f
of upper limb, 558, 558f

pulmonary. See Pulmonary embolism (PE).
Embolization

after abdominal aortic aneurysm repair, 489
cholesterol crystal (atheromatous). See 

Atheroembolism.
Emboshield filter, 398–399, 398f
Embryology, 1–13

animal models of, 1
of tunica adventitia (fibroblasts and loose 

connective tissue), 11
of tunica intima (endothelium), 1–7

arterial and venous endothelial cell 
differentiation in, 2

early development in, 1–2
endothelial tip and stalk cell specification 

in sprouting angiogenesis in, 2–4, 3f
lymphatic vessel development in, 7
molecular determinants of branching in, 

4–5
neurons and vessels in, 5–6, 6f
vascular induction of nonvascular tissue 

development in, 7
vascular lumenization in, 5

of tunica media (smooth muscle and 
extracellular matrix), 7–10

cellular and extracellular matrix 
components in, 7, 8t

collagen and elastic fibers in extracellular 
matrix in, 10, 10f

patterning of developing vascular smooth 
muscle cell layers in, 9–10

smooth muscle cell differentiation in, 9
vascular smooth muscle cell origins  

in, 8–9, 8f
Embryonic stem cells (ESCs), 40
EMG (electromyography), for thoracic outlet 

syndrome, 758
EMILINs (elastin microfibril interface-located 

proteins), in vascular smooth muscle cell 
phenotypic modulation, 33

Emissary veins, functional anatomy of, 342, 342f, 
343f

Enalapril (Vasotec)
for peripheral artery disease, 244, 244f
pharmacology of, 90t

Enalaprilat, pharmacology of, 90t

Endarterectomy versus Angioplasty in Patients 
with Symptomatic Severe Carotid Stenosis 
(EVA-3S) trial, 406–407, 418

Endarteritis, infective, 465
End-diastolic flow velocity, and carotid artery 

stenting, 390, 390f
Endoaneurysmorrhaphy, for abdominal aortic 

aneurysm repair, 482
Endoderm, 1
Endograft(s), for abdominal aortic aneurysm 

repair
features of, 495
fenestrated and branch, 502–503, 502f, 503f
migration of, 500
placement of, 496–497
for small aneurysms, 501–502
special, 496, 496t, 497f

Endoleaks, after endovascular aneurysm repair, 
498–499, 498f, 498t

CT angiography of, 192
secondary to graft erosion, 499, 499f

End-organ malperfusion, with aortic dissection, 
420–421, 421f, 433, 435b

ENDORSE Study, 629
Endothelial cell(s) (ECs), 1

differentiation of arterial and venous, 2
early development of, 1–2
in patterning of developing vascular smooth 

muscle cell layers, 9–10
Endothelial dysfunction

in thromboangiitis obliterans, 535
and vascular disease, 20–21

atherosclerosis as, 21
thrombosis as, 20–21
vasculitis as, 21

Endothelial function, and platelet activation, 70, 
71f, 71t

Endothelial microparticles, 21–22
Endothelial nitric oxide synthase (eNOS), 16–17
Endothelial permeability, increase or decrease 

of, 16
Endothelial progenitor cells (EPCs), 18–19

for peripheral artery disease, 253
for pulmonary arterial hypertension, 683

Endothelial receptor antagonists (ETRAs), 90–91, 
91t

Endothelial regulation, of blood flow, 226
Endothelial stalk cells, in sprouting angiogenesis, 

2–4, 3f
Endothelial tip cells, in sprouting angiogenesis, 

2–4, 3f
Endothelin(s), in renal artery disease, 291
Endothelin receptor antagonists, for Raynaud's 

phenomenon, 597
Endothelin-1 (ET-1)

and pulmonary arterial hypertension, 
 673t, 674

and pulmonary hypertension
due to chronic left-sided heart failure, 688
with sickle cell disease, 694

and Raynaud's phenomenon, 591
in regulation of vascular tone, 17, 17f
in vascular pharmacology, 90–91

Endothelin-1 (ET-1) receptor antagonists, for 
pulmonary arterial hypertension, 680

Endothelium, 14–24. See also Tunica adventitia.
continuous nonfenestrated, 15
discontinuous, 15–16
functional assessment of, 21–22

ADMA as biochemical marker of nitric 
oxide bioavailability in, 21

endothelial microparticles in, 21–22
nitric oxide–mediated vasodilation in, 21

in hemostasis, 70, 71f, 71t
heterogeneity of, 19–20, 20f
homeostatic functions of, 14–19, 15b

maintenance of thromboresistant surface 
and regulation of hemostasis as, 14

Endothelium ( Continued)
mechanotransduction of hemodynamic 

forces as, 19, 19f
regulating response to inflammatory and 

immune stimuli as, 18
regulation of vascular tone as, 16–17, 17f
semipermeable barrier and transendothelial 

transport pathways as, 14–16, 15f
vascular repair and remodeling as, 18–19

Endothelium-derived hyperpolarizing factor 
(EDHF), in regulation of vascular tone,  
17, 17f

Endovascular abdominal aortic aneurysm repair 
(EVAR), 482, 493–505

anatomical requirements for, 493–495, 494f, 
495f

for aortic neck, 494, 494f
for iliac arteries, 494–495, 495f
imaging of, 493–495

for aortic dissection, 447–455
aortic interventions in, 450–454

with aortic rupture, 448f, 452f, 453–454, 
453f

with branch vessel involvement, 451–453
for complicated type B dissection, 451, 

452f
other indications for, 454
for uncomplicated type B dissection, 451, 

451f
branch vessel interventions in, 447–450, 448f

with dynamic branch involvement, 448f, 
449–450, 450f

with static branch involvement, 447–449, 
448f, 449f

CT angiography for, 191–192, 192f, 193f
for surveillance after repair, 192

delivery system in, 495
endograft(s) in

features of, 495
fenestrated and branch, 502–503, 502f, 503f
migration of, 500
placement of, 496–497
for small aneurysms, 501–502
special, 496, 496t, 497f

indications for, 493
for mesenteric occlusive disease, 336–337, 336f
outcomes of, 500–501

vs. open surgery, 501
postoperative management in, 496–497
problems with, 497–500

endoleaks as, 498–499, 498f, 498t
secondary to graft erosion, 499, 499f

graft migration as, 500
iliac artery disease as, 497–498
limb thrombosis as, 499–500
structure failure as, 499, 499f

for ruptured aneurysms, 502
Endovascular brachytherapy (EBT), for femoral-

popliteal artery disease, 264
Endovascular repair, for iatrogenic false 

aneurysm, 752
Endovascular revascularization, for renal artery 

stenosis
impact on cardiovascular outcome of, 313
impact on hypertension of, 312–313
impact on renal function of, 313, 313f
patient selection for, 311–312, 311t

with atherosclerotic disease and chronic 
kidney disease, 312, 312f

with isolated atherosclerotic disease, 311
with refractory hypertension, 311, 312f

types of, 312
Endovascular stent evaluation, computed 

tomographic angiography for, 196
Endovascular treatment

for acute limb ischemia, 563–565, 563t
for infected aortic aneurysm, 712
of peripheral artery disease, 259–267
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Endovascular treatment ( Continued)
anticoagulation during, 261
for aortoiliac vessels, 262–263, 262f
contraindications to, 259
equipment for, 261–262
for femoral-popliteal vessels, 263–265

angioplasty and stent placement for, 263, 
263f, 264f

atherectomy with, 264–265
brachytherapy with, 264
covered stents for, 263
cryoplasty with, 265
cutting balloon for, 265
drug-eluting balloons and stents for, 

263–264, 264f
laser-assisted angioplasty with, 265

general measures prior to, 260, 261f
indications for, 259, 260f, 260t, 261f
for infrapopliteal intervention, 265–266

angiogenesis with, 266
tibioperoneal angioplasty in, 265, 265f
tibioperoneal stents in, 265, 266f

premedication for, 260
training for, 259, 260t
vascular access for, 261

for thromboangiitis obliterans, 543
Endovenous ablation, for incompetent perforator 

veins, 649
Endovenous foam sclerotherapy (EFS), for 

varicose veins, 644–645, 645t, 646f
Endovenous laser therapy (EVLT)

perforator, 662
for varicose veins, 645–646, 645t

Endovenous stenting, for deep vein obstruction, 
663, 663f, 664f

Endovenous treatment, 662–664
for deep vein incompetence, 663
for deep vein obstruction, 663–664, 663f, 664f
for perforator incompetence, 662–663
for superficial vein incompetence, 662

End-stage renal disease (ESRD), renal artery 
stenosis and, 296

eNOS (endothelial nitric oxide synthase), 16–17
Enteropathy, protein-losing, 707
Environmental factors, and stroke risk, 352–353
Environmental tobacco smoke, and stroke  

risk, 352
EPCs (endothelial progenitor cells), 18–19

for peripheral artery disease, 253
for pulmonary arterial hypertension, 683

EPDs. See Embolic protection devices (EPDs).
EphB4 tyrosine kinase, 2
Ephedra, pharmacology of, 84
EphrinB2, 2
Epiblast, 1
Epidermal growth factor (EGF)

in cell signaling, 64
in phenotypic modulation of vascular smooth 

muscle cells, 26–27
Epigenetic regulation, of vascular smooth muscle 

cell diversity, 30–31, 30f
Epinephrine (EPI), pharmacology  

of, 84–85, 85t
Epiphycan, 60t
Epithelial-to-mesenchymal transition, 8–9
Eplerenone (Inspra), pharmacology  

of, 90, 90t
Epoprostenol (Flolan)

pharmacology of, 81
for pulmonary arterial hypertension, 680

Epoxyeicosatrienoic acids (EETs), in 
vasorelaxation, 35

Eprosartan (Teveten), pharmacology of, 90t
Eptifibatide

pharmacology of, 97–98
for prevention of arterial thrombosis, 135

Equivalent dose, in CT, 186
erbB3, and Schwann cells, 5

Erectile dysfunction (ED), 341–348
classification of, 341, 342b
definition of, 341
evaluation of, 344–345, 344f

education and referral in, 345
history in, 344–345
laboratory assessments in, 345
physical examination in, 345

functional anatomy of, 341–343
arterial system in, 342, 343f
corporal bodies, sinusoids, and glans in, 

341–342, 342f
nervous system in, 342–343, 343f

autonomic pathways of, 343
somatic pathways of, 343

tunica albuginea in, 342, 342f
venous system in, 342, 343f

guidelines for, 346, 347b
historical background of, 341
longitudinal psychological outcomes for, 346
organic, 342b
pathophysiology of, 343–344

drug-induced (iatrogenic), 344
vasculogenic, 343–344

arteriogenic, 344
venogenic, 344

prevalence and incidence of, 341
psychogenic, 342b
treatment of, 345–346

alprostadil (prostaglandin E1) for, 345
oral agents for, 345
papaverine and phentolamine for, 345–346
surgery for, 346, 346f
vacuum erection devices for, 346, 346f
vascular surgery for, 346

Ergot derivatives, Raynaud's phenomenon due 
to, 594

Ergotamine, Raynaud's phenomenon due to, 594
Erythralgia, 604
Erythrocyanosis, 616
Erythrocyte sedimentation rate (ESR), in 

vasculitis, 515
Erythromelalgia, 604–612

classification of, 604, 606
clinical controversies over, 604
clinical presentation of, 604–606, 605f
definition of, 604
diagnosis of, 606
diagnostic criteria for, 604
differential diagnosis of, 608
epidemiology of, 606
historical perspective on, 604
inherited, 608

associated with myeloproliferative disease, 
608

gain-of-function mutation in sensory 
nerves and consequent nerve 
hyperexcitability in, 608

investigations for, 609, 609b
biopsy findings in, 609

management of, 609–610
and myeloproliferative disease, 606, 608
natural history and prognosis for, 609
nomenclature for, 604
pathophysiology of, 606–608

controversies over, 608
as neuropathy, 607–608
as vasculopathy, 607

precipitants for, 605
primary, 606
quality of life with, 609
secondary, 606, 607b

Erythroprosopalgia, 604
ESC(s) (embryonic stem cells), 40
ESCHAR trial, 659–660
E-selectin, in endothelial regulation of  

response to inflammatory and immune 
stimuli, 18

Esmolol (Brevibloc)
for aortic dissection, 428t
pharmacology of, 86t

ESR (erythrocyte sedimentation rate), in 
vasculitis, 515

ESRD (end-stage renal disease), renal artery 
stenosis and, 296

ET-1. See Endothelin-1 (ET-1).
Ethnicity

and peripheral artery disease, 217–218
and stroke risk, 351

ETRAs (endothelial receptor antagonists),  
90–91, 91t

European Carotid Surgery Trial (ECST), 386, 417
EVA-3S (Endarterectomy versus Angioplasty in 

Patients with Symptomatic Severe Carotid 
Stenosis) trial, 406–407, 418

EVAR. See Endovascular abdominal aortic 
aneurysm repair (EVAR).

EVLT (endovenous laser therapy)
perforator, 662
for varicose veins, 645–646, 645t

Ex vivo reconstruction, for atherosclerotic renal 
artery stenosis, 319, 319f

Excluder endograft, 496t, 497f
Exercise, and stroke risk, 351–352
Exercise limitation, in peripheral artery disease, 223
Exercise testing

for peripheral artery disease, 149–150, 236
for pulmonary arterial hypertension, 678

Exercise training, for peripheral artery disease, 
250

Exertional compartment syndrome, vs. 
intermittent claudication, 232

External carotid artery (ECA)
angiography of, 204, 206f
duplex ultrasound of, 152–155, 153f
spectral waveform analysis of, 153, 153f

External iliac artery (EIA)
angiography of, 201, 202, 203f, 205f
MR angiography of, 175f

External iliac vein, 343f
Extra-anatomical bypass, for aortoiliac occlusive 

disease, 272
Extracellular matrix (ECM), 1, 43–69

collagens in, 44–50
extracellular maturation of, 50
fibril-associated with interrupted triple 

helices, 46–47, 46f
fibrillar, 44, 47f
network-forming, 44–46, 46f, 48f, 50f
regulation of biosynthesis of, 48–50
turnover of, 50
types of, 44, 45t, 46f
with unique structures, 46f, 47

components and development of, 7, 10
elastin in, 52–55

cross-links in, 53, 53f
domain organization of, 52, 53f
metabolism of, and vascular homeostasis, 

54–55
fibrillins and other microfibril-associated 

proteins in, 54f, 55
fibronectin in, 55–57

functional domains of, 56–57
cell-binding, 56
collagen-binding, 56
fibrin-binding, 57
heparin-binding, 57

structure of, 55–56, 56f
laminin in, 57–58, 57f, 58f
metalloproteinases in, 50–52

domain structure of, 49f, 50
in neovasculogenesis and angiogenesis, 

52, 52t
regulation of, 52
types of, 50–52, 51t
in vascular pathologies, 52t
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Extracellular matrix (ECM) ( Continued)
perspectives on, 66–67
and platelet interaction, 64–66
proteoglycans in, 58–62

biosynthesis of, 61–62
cell surface, 61
degradation of, 62
hyaluronan and lectin-binding, 59
modular, 59
non–hyaluronan-binding (basement 

membrane), 59–61
small leucine-rich, 61
structure of, 58–59, 59f
types of, 59, 60f, 60t

vascular morphogenesis and, 43
Extracellular matrix (ECM) biology, and 

pulmonary arterial hypertension, 675–676
Extracellular matrix (ECM) components, 

insoluble, in vascular smooth muscle cell 
phenotypic modulation, 32

Extraembryonic yolk sac, 1
Extremity vascular injury, 749–751

angiography for, 749
brachial and forearm vessel, 750
calf vessel, 750–751
femoral vessel, 750
Mangled Extremity Severity Score for,  

749, 749t
noninvasive studies for, 749
subclavian-axillary, 750
venous, 751

Extremity venous injury, 751
Extrinsic pathway, of coagulation cascade, 70–71, 

71f, 99, 99f

F

Factor IX inhibitors, 106
active-site competitive antagonists as, 106
factor IX–binding proteins as, 106
monoclonal antibodies as, 106
RNA aptamers as, 106
TTP889 as, 106

Factor IX–binding proteins, as anticoagulants, 106
Factor Xa inhibitors, 104–105

apixaban as, 105
betrixaban as, 105
DU-176b as, 105
LY517717 as, 105
rivaroxaban as, 104
YM150 as, 105

Fading capillary stains, 781
False lumen thrombosis, 421
Familial thoracic aortic aneurysm disease 

(FTAAD), aortic dissection in, 422–423
Fasciotomy, 741
FAST (Focused Assessment with Sonography in 

Trauma), 745
Fast spin echo (FSE) sequences, 166–167
Fast-flow malformations, 782–783

arteriovenous, 782–783, 784f
Fasudil, for pulmonary arterial hypertension, 683
Fat embolism syndrome, 635
18F-FDG PE (fluorodeoxyglucose-18 positron 

emission tomography), of giant cell arteritis, 
530

Feet, care and protection of, for peripheral artery 
disease, 249–250

Felodipine (Plendil)
pharmacology of, 88t
for Raynaud's phenomenon, 596

Femoral access, for peripheral vascular 
angiography, 200–205, 200f

Femoral artery aneurysms
CT angiography of, 195, 195f
infected, 712–713

Femoral artery disease, endovascular treatment 
of, 263–265

angioplasty and stent placement for, 263, 263f, 
264f, 264t

atherectomy with, 264–265
brachytherapy with, 264
covered stents for, 263
cryoplasty with, 265
cutting balloon for, 265
drug-eluting balloons and stents for, 263–264, 264f
laser-assisted angioplasty with, 265

Femoral artery infections
associated with invasive procedures, 712–713
in intravenous drug abusers, 713

Femoral canal, perforators of, 654f
Femoral ligation and stripping, for varicose veins, 

645t
Femoral vein, 640f, 652, 654f
Femoral vein thrombosis, duplex ultrasound of, 

162–163, 163f
Femoral vessel injury, 750
Femoral-popliteal stenting, 263, 263f, 264f, 264t
Femorocaval bypass, for deep vein obstruction, 661
Femorofemoral bypass grafting, for aortoiliac 

occlusive disease, 273, 273f, 274f
Femorofemoral crossover bypass, for deep vein 

obstruction, 661, 662f
Femoroiliac bypass, for deep vein obstruction, 661
Femoropopliteal bypass, placement of incisions 

for, 277f
Femoropopliteal occlusive disease, aortoiliac 

occlusive disease with, 268
Femorotibial bypass, placement of incisions  

for, 277f
Fenofibrate, for peripheral artery disease, 243
Fenoldopam, pharmacology of, 87
Ferricyanide, 78
Fever, in acute ischemic stroke, 378
FGF. See Fibroblast growth factor (FGF).
Fibric acid derivatives, for peripheral artery 

disease, 243
Fibril-associated collagens, with interrupted 

triple helices, 46–47, 46f
Fibrillar collagens, 44, 47f
Fibrillin(s), 54f, 55

in vascular smooth muscle cell phenotypic 
modulation, 33

Fibrillin-1, in Marfan syndrome, 421–422
Fibrin formation, coagulation cascade leading to, 

70–72, 71f
Fibrin-binding domains, of fibronectin, 57
Fibrinogen

and arterial thrombosis, 134
and atherosclerosis, 113f, 114
and peripheral artery disease, 218
in platelet activation, 95, 95f
and stroke risk, 355–356

Fibrinolysis, 71t, 72–73, 73f
Fibrinolytic system, in arterial thrombosis, 134b
Fibroblast(s), in tunica adventitia, 11
Fibroblast growth factor (FGF)

in branching, 4
in cell signaling, 63–64
in endothelial permeability, 16
for peripheral artery disease, 253

Fibromodulin, 60t
Fibromuscular dysplasia (FMD), 785–787

of aortic arch vessels, 786–787
defined, 785
epidemiology of, 785
etiology of, 785
histological subtypes of, 785–786

adventitial or periarterial, 785f, 786, 787f
intimal, 785f, 786, 786f
medial, 785, 785f

vs. intermittent claudication, 231–232
of mesenteric artery, computed tomographic 

angiography of, 193, 194f

Fibromuscular dysplasia (FMD) ( Continued)
of miscellaneous sites, 787
of renal arteries, 786
renal artery stenosis due to, 296, 297f

computed tomographic angiography of, 193
endovascular revascularization for

patient selection for, 311–312
type of, 312

evaluation of renal perfusion with, 307, 309f
identification of renovascular syndromes 

with, 307
medical therapy for, 309–311

Fibronectin (FN), 55–57
functional domains of, 56–57

cell-binding, 56
collagen-binding, 56
fibrin-binding, 57
heparin-binding, 57

platelet adherence to, 65, 66
structure of, 55–56, 56f
in vascular smooth muscle cell phenotypic 

modulation, 32
Fibrous cap, rupture of, 118–119, 118f
Fibulins, 55

in vascular smooth muscle cell phenotypic 
modulation, 33

Filariasis, 700
Filopodia, tip cell, 2–3, 3f
Finger systolic pressure, in Raynaud's 

phenomenon, 594, 594f
Fistula(e)

aortoenteric, 716, 719, 719f
arteriovenous. See Arteriovenous fistulae (AVFs).

Flash pulmonary edema, 288, 296–297
Flash scans, 185
Flip angles, 166
Flolan (epoprostenol)

pharmacology of, 81
for pulmonary arterial hypertension, 680

Fluoro-CT, for endovascular aneurysm repair, 493
Fluorodeoxyglucose-18 positron emission 

tomography (18F-FDG PET), of giant cell 
arteritis, 530

Fluoxetene, for Raynaud's phenomenon, 597
FMD. See Fibromuscular dysplasia (FMD).
FN. See Fibronectin (FN).
Foam cells, in atherosclerosis, 116
Focused Assessment with Sonography in Trauma 

(FAST), 745
Fogarty embolectomy balloon, for acute limb 

ischemia, 567, 568f
Folic acid, for peripheral artery disease, 247
Fondiparinux

pharmacology of, 101f, 102
for venous thromboembolism

preventive, 629
therapeutic, 623, 623t, 633

Fontaine classification, of peripheral artery 
disease, 231, 232t, 234

and endovascular treatment, 260t
Foot care, for peripheral artery disease, 249–250
Foot pallor, 144
Foot pressures, 148
Foot ulcers. See Lower-extremity ulcer(s).
Forearm vessel injury, 750
Fosinopril (Monopril), pharmacology of, 90t
Fractional flow reserve, 225
French maritime pine bark extract, for varicose 

veins, 644
Frequency-encoding gradients, 166
FSE (fast spin echo) sequences, 166–167
FTAAS (familial thoracic aortic aneurysm 

disease), aortic dissection in, 422–423
Full agonist, 75, 76f
Functional testing, for peripheral artery disease, 

236, 237f
F-wave studies, for thoracic outlet syndrome, 

758–759
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G

G protein–coupled receptor (GPCR), in 
vasocontraction, 34, 34f

G1 (gap 1) phase, of cell cycle, 35, 36f
G2 (gap 2) phase, of cell cycle, 35, 36f
Gadolinium-based contrast, for MR angiography, 

169
GAGs (glycosaminoglycans)

structure of, 59, 59f
sulfated vs. nonsulfated, 59
in vascular smooth muscle cell phenotypic 

modulation, 33
Gait, 727
Gait abnormalities, in claudication, 228
Gangrene, 144
Gap 1 (G1) phase, of cell cycle, 35, 36f
Gap 2 (G2) phase, of cell cycle, 35, 36f
Gap junction(s), 16
Gap junction connexins, in vascular smooth 

muscle cell phenotypic modulation, 31–32
Gastric antral vascular ectasia, 782
Gastrointestinal complications, of abdominal 

aortic aneurysm repair, 488–489
Gastrointestinal tract atheroembolism, 572, 

578–579
Gastrulation, 1
GATA6, in regulation of vascular smooth muscle 

cell diversity, 29
GCA. See Giant cell arteritis (GCA).
GCS (Glasgow Coma Scale), 366
GCS (graduated compression stockings), for 

prevention of venous thromboembolism, 
629

GDNF (glial cell line–derived neurotrophic 
factor)

in branching, 4
in vascular induction of nonvascular tissue 

development, 7
GDNF (glial cell line–derived neurotrophic 

factor) family receptor α3 (GFRα3), in 
vascular induction of nonvascular tissue 
development, 7

Gelatinases, 50–52, 51t
Gemfibrozil, for peripheral artery disease, 243
Gender

and atherosclerosis, 112
and stroke risk, 351

Generalized essential telangiectasia, 782
Genetic association, in pulmonary arterial 

hypertension, 668–670, 670f
Genetic factors, and peripheral artery disease, 218
Genetic polymorphisms, and arterial thrombosis, 

134, 134b
Genetic predisposition

to aortic dissection, 420b, 421–423
to atherosclerosis, 114
to giant cell arteritis, 525
to thromboangiitis obliterans, 534

Genetic testing, for pulmonary arterial 
hypertension, 678

Genetics, of vascular malformations, 798, 800f
GFR (growth factor receptor) signaling, 

regulation by integrins of, 63–64, 65f
GFRα3 (GDNF family receptor α3), in 

vascular induction of nonvascular tissue 
development, 7

Giant cell arteritis (GCA), 508, 525–532
aortic aneurysm with, 465
classification of, 529, 530b
clinical manifestations of, 509t, 526–529, 526f, 

527t
cardiac, aortic, and peripheral vascular, 

527–528, 528f
with cranial arterial involvement, 527, 527f
polymyalgia rheumatica as, 528

diagnosis of, 530, 530t
systemic, 526

Giant cell arteritis (GCA) ( Continued)
diagnosis of, 529–530

history in, 140
imaging for, 529–530

MR angiography for, 180, 180f
laboratory findings in, 529
physical examination for, 529
temporal artery biopsy for, 517, 526f, 529

epidemiology of, 525
incidentally discovered, 529
pathogenesis of, 129–130, 525–526

genetic predisposition in, 525
immunopathogenic mechanisms in, 525
mechanisms of vascular injury in, 525–526
possible triggering agents in, 525
systemic inflammatory response in, 526
vascular response to inflammation in, 526

pathology of, 525, 526f
treatment and management of, 531

Ginkgo biloba, for peripheral artery disease, 
254–255

Glans, 342
Glanzmann thrombasthenia, 70
Glasgow Coma Scale (GCS), 366
Glial cell line–derived neurotrophic factor 

(GDNF)
in branching, 4
in vascular induction of nonvascular tissue 

development, 7
Glial cell line–derived neurotrophic factor 

(GDNF) family receptor α3 (GFRα3), in 
vascular induction of nonvascular tissue 
development, 7

Glitazones, for peripheral artery disease, 246
Glomerulonephritis, in vasculitis, 515
Glomerulosclerosis, in renal artery disease, 293
Glomovenous malformation, 795t
Glucocorticoids

for giant cell arteritis, 531
for vasculitis, 518

Glycemic control, for peripheral artery disease, 
245–247

Glycipans, 60f, 61
Glycoprotein Ib (GPIb) complex antagonists, for 

prevention of arterial thrombosis, 135–136
Glycoprotein Ib (GPIb) inhibitors, 98
Glycoprotein IIb/IIIa (GPIIb/IIIa), in platelet 

activation, 94
Glycoprotein IIb/IIIa (GPIIb/IIIa) antagonists, 

97–98
Glycoprotein IIb/IIIa (GPIIb/IIIa) inhibitors

for acute ischemic stroke, 380
for acute limb ischemia, 564–565
for prevention of arterial thrombosis, 135

Glycoprotein VI (GPVI) inhibitors, 98
Glycosaminoglycans (GAGs)

structure of, 59, 59f
sulfated vs. nonsulfated, 59
in vascular smooth muscle cell phenotypic 

modulation, 33
Gonadal function, with vasculitis, 518
Gore flow-reversal system, 398–399, 398f
Gorham syndrome, 795t
Gorham-Stout syndrome, 795t
GPA. See Granulomatosis with polyangiitis (GPA).
GPCR (G protein–coupled receptor), in 

vasocontraction, 34, 34f
GPG-290, 98
GPIb (glycoprotein Ib) complex antagonists, for 

prevention of arterial thrombosis, 135–136
GPIb (glycoprotein Ib) inhibitors, 98
GPIIb/IIIa. See Glycoprotein IIb/IIIa (GPIIb/IIIa).
GPVI (glycoprotein VI) inhibitors, 98
Gradient echo (GRE), 166
Graduated compression stockings (GCS), for 

prevention of venous thromboembolism, 
629

Graft enteric erosions, 716

Graft enteric fistulas, 716, 719, 719f
Graft infections, 714–715

aortic, 715–718
with aortoenteric fistula, 719, 719f
bacteriology of, 719–720, 719t
classification of, 715–716
clinical presentation of, 716, 717f, 717t
diagnosis of, 716–718, 717f, 718f
diagnostic pitfalls with early, 718–719
etiology of, 716
incidence of, 715
treatment of, 720–721

peripheral, 721–722
risk factors and pathogenesis of, 714–715

Granuloma, pyogenic, 792, 793f
Granulomatosis, Wegener, 511–512

clinical manifestations of, 509t, 511–512
gangrenous toe in, 511–512, 512f
pulmonary hemorrhage in, 511–512, 511f
renal biopsy in, 511–512, 511f
sinusitis in, 511–512, 511f

Granulomatosis with polyangiitis (GPA), 511–512
clinical manifestations of, 509t, 511–512
gangrenous toe in, 511–512, 512f
pulmonary hemorrhage in, 511–512, 511f
renal biopsy in, 511–512, 511f
sinusitis in, 511–512, 511f

Gray (Gy), in computed tomography, 186
Gray-scale imaging, 151
GRE (gradient echo), 166
Great saphenous vein (GSV), 639, 640f, 652, 654f
Great saphenous vein (GSV) grafts, for 

infrainguinal arterial occlusive disease, 280
Great saphenous vein (GSV) harvest, placement 

of incisions for, 277f
Great vessel malformations, 776–780

aortic arch anomalies as, 778–780, 778b
cervical/interrupted, 779–780
clinical presentation and diagnosis of, 780
development of, 778–779, 779f
double, 779, 780f
ductus arteriosus sling as, 779
incidence of, 778–779
left, 779, 780f
right, 779, 780f

coarctation of aorta as, 776–778
classification of, 776, 777b
collateral circulation in, 777, 777f, 778f
complications of, 778
conditions associated with, 777–778
incidence of, 776
pathology of, 776–777

Gridlock, 2
Growth factor(s)

in atherosclerosis, 116
in cell signaling, with extracellular matrix and 

integrins, 63–64, 65f
in vascular smooth muscle cell proliferation, 

35–36
Growth factor receptor (GFR) signaling, 

regulation by integrins of, 63–64, 65f
Growth-inducing factors, in phenotypic 

modulation of vascular smooth muscle 
cells, 26–27, 27f

Gruentzig, Andreas, 259
GSV (great saphenous vein), 639, 640f, 652, 654f
GSV (great saphenous vein) grafts, for 

infrainguinal arterial occlusive disease, 280
GSV (great saphenous vein) harvest, placement 

of incisions for, 277f
Guanabenz, pharmacology of, 85t
Guanethidine, pharmacology of, 84
Guanfacine (Tenex), pharmacology of, 85t
Guanylyl cyclase(s), 77

unique modulators of soluble, 78–79
Guanylyl cyclase/cGMP pathway, drugs that 

affect, 76–80
Guidance cues, 5–6, 6f
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Guidance receptors, 5–6, 6f
Guidewires, for peripheral artery disease, 

261–262
Gy (gray), in computed tomography, 186
Gynecological issues, with vascular 

malformations, 804

H

H2S (hydrogen sulfide), in regulation of vascular 
tone, 17, 17f

HA (hyaluronan), structure of, 58–59
HA (high-altitude) exposure, chronic, pulmonary 

hypertension due to, 692
Hamartoma syndromes, PTEN-associated, 

794–797
Hammer digit deformity, in diabetes, 731
Hammer digit syndrome, in diabetes, 730
Hand, MR angiography of, 176, 177f
Harmonic, in ultrasonography, 150
Harvey, William, 604
HATs (histone acetyltransferases), in epigenetic 

regulation of vascular smooth muscle cell 
diversity, 31

HDACs (histone deacetylases), in epigenetic 
regulation of vascular smooth muscle cell 
diversity, 31

HDL (high-density lipoprotein) cholesterol
and atherosclerosis, 112, 114–115, 115t
and peripheral artery disease, 216, 216t
and stroke risk, 354

Head, arteriovenous malformations of, 783
Heart transplantation, with pulmonary 

hypertension, 690
Heart-lung transplantation, with pulmonary 

hypertension, 690
Heat shock protein-47 (Hsp47), in regulation of 

collagen biosynthesis, 49
Hemangioendothelioma, kaposiform, 790–792, 793f
Hemangioma(s), 781, 790–793

airway symptoms with, 798
arteriovenous, 782
bleeding with, 801t

associated with coagulation and other 
abnormalities, 804

cardiac, 784–785
cavernous, 782
clinical findings with, 801t
clinical issues warranting evaluation of, 801t
defined, 790
etiology of, 797–798

adipocytes in, 798, 800f
endothelial cells in, 798, 800b
metastatic niche theory of, 798, 799f

facial, 801t
gynecological issues with, 804
hemodynamic sequelae of, 804
hepatic, 800, 801t
of infancy, 790

epidemiology of, 790
noninvoluting, 790, 792f
and PHACE(S) syndrome, 790, 793f
rapidly involuting, 790, 792f
segmental distribution of, 790, 792f, 793f
sequential development of, 790, 791f

large, 801t
lobular capillary, 792, 793f
and malignancies, 805
multiple, 801t, 803
periocular, 798–799, 801t
psychosocial issues with, 804, 805t
subglottic, 798, 801t
thrill or bruit with, 801t
treatment of

clinical findings and, 801t
clinical trials for, 802t

Hemangioma(s) ( Continued)
medical, 805–806, 806f
surgical, 806

ulcerating, 801t, 803, 805–806
venous, 782

Hemangiomatosis, 801t, 803
Hematomas, retroperitoneal, 745
Hemi-arch replacement, in acute proximal aortic 

dissection repair, 436–437, 436f
Hemodilution, for acute ischemic stroke, 380
Hemodynamic forces, mechanotransduction  

by endothelium of, 19, 19f
Hemodynamic studies, for chronic venous 

insufficiency, 656
Hemoglobin A1c, and atherosclerosis, 115
Hemoglobinopathies

and pulmonary arterial hypertension, 672
pulmonary hypertension with, 693–695, 694f

Hemorheological abnormalities, in critical limb 
ischemia, 226

Hemorheological agents, for peripheral artery 
disease, 252

Hemorheology, in peripheral artery disease, 226
Hemorrhage, with abdominal aortic aneurysm 

repair, 488
Hemorrhagic shock, 739, 740t
Hemorrhagic stroke

evaluation of, 361
due to intracerebral hemorrhage, 364, 364t
overview of, 361
sentinel headache prior to, 362–363
due to subarachnoid hemorrhage, 365, 365t

Hemostasis, 70–74
coagulation cascade leading to fibrin 

formation in, 70–72, 71f
endothelial function and platelet activation in, 

70, 71f, 71t
fibrin-binding domains of fibronectin and, 57
fibrinolysis in, 71t, 72–73, 73f

Hennekam syndrome, 700, 795t
Henoch-Schönlein purpura (HSP), 509t, 513
Heparan sulfate proteoglycans (HSPG)

endothelial secretion of, 14
in vascular smooth muscle cell phenotypic 

modulation, 33
Heparin

during abdominal aortic aneurysm repair, 
485–486

for acute ischemic stroke, 379
for acute limb ischemia, 563
during endovascular therapy for peripheral 

artery disease, 261
low-molecular-weight

pharmacology of, 101–102, 101f
for venous thromboembolism

preventive, 629
therapeutic, 623, 623t, 633

unfractionated
for acute limb ischemia, 563
during endovascular therapy for peripheral 

artery disease, 261
pharmacology of, 100–101, 101f
for venous thromboembolism

preventive, 629
therapeutic, 632

for venous thromboembolism, 622–623
Heparin-binding domain, of fibronectin, 57
Heparin-induced thrombocytopenia  

(HIT), 101
Hepatic artery, ultrasound of, 156, 156f
Hepatic hemangioma, 800, 801t
Hepatocyte growth factor (HGF)

in cell signaling, 64
for peripheral artery disease, 253

Herbal supplements, for varicose veins, 644
Hereditary hemorrhagic telangiectasia (HHT), 

783, 795t
Hewson, William, 698–699

HGF (hepatocyte growth factor)
in cell signaling, 64
for peripheral artery disease, 253

HHV-8 (human herpesvirus 8), and pulmonary 
arterial hypertension, 672

HIF-1α (hypoxia-inducible factor-1α), for 
peripheral artery disease, 253

High stent risk, for carotid artery stenting, 
389–390, 390b

High-altitude (HA) exposure, chronic, pulmonary 
hypertension due to, 692

High-density lipoprotein (HDL) cholesterol
and atherosclerosis, 112, 114–115, 115t
and peripheral artery disease, 216, 216t
and stroke risk, 354

High-molecular-weight kininogen (HMWK), in 
coagulation cascade, 72

High-resistance waveforms, 151, 151f
Hirudins, pharmacology of, 102–103
Histone acetylation/deacetylation, in epigenetic 

regulation of vascular smooth muscle cell 
diversity, 31

Histone acetyltransferases (HATs), in epigenetic 
regulation of vascular smooth muscle cell 
diversity, 31

Histone deacetylases (HDACs), in epigenetic 
regulation of vascular smooth muscle cell 
diversity, 31

Histone methylation, in epigenetic regulation 
of vascular smooth muscle cell  
diversity, 31

Histone methyltransferases (HMTs), in 
epigenetic regulation of vascular smooth 
muscle cell diversity, 31

History, 139–142
of arterial disease, 139–141

carotid, 141
mesenteric, 141
neurovascular compression syndromes in, 

140
peripheral, 139–140

acute limb ischemia in, 140
atheroembolism in, 140
critical limb ischemia in, 139–140
intermittent claudication in, 139
other, 140

renal, 141
vasospastic diseases in, 140–141

of venous and lymphatic systems, 141–142
chronic venous insufficiency in, 141
deep vein thrombosis in, 141
lymphangitis in, 142
lymphedema in, 141
superficial thrombophlebitis in, 141
varicose veins in, 141

HIT (heparin-induced thrombocytopenia),  
101

HIV (human immunodeficiency virus)
and pulmonary arterial hypertension, 672
strokes related to, 364

HMG-CoA (3-hydroxy-3-methylglutaryl-coenzyme 
A) reductase inhibitors

for peripheral artery disease, 243–244, 253–254, 
254f

for prevention of atheroembolism, 583
for prevention of venous thromboembolism, 

629
for Raynaud's phenomenon, 597

HMR-1766, 79
HMTs (histone methyltransferases), in epigenetic 

regulation of vascular smooth muscle cell 
diversity, 31

HMWK (high-molecular-weight kininogen), in 
coagulation cascade, 72

HOCl (hypochlorous acid), in small-vessel 
vasculitis, 126–127, 129f

Hollenhorst plaque, 572
Homans sign, 145, 619
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Homeostasis, endothelium in regulation of, 14
Homocysteine

and atherosclerosis, 112, 113f
and peripheral artery disease, 218
and stroke risk, 356

Homocystinuria, in peripheral artery disease, 247
Horse chestnut seed, for varicose veins, 644
Hounsfield units (HU), 184
HSP (Henoch-Schönlein purpura), 509t, 513
Hsp47 (heat shock protein-47), in regulation of 

collagen biosynthesis, 49
HSPG (heparan sulfate proteoglycans)

endothelial secretion of, 14
in vascular smooth muscle cell phenotypic 

modulation, 33
5-HT (5-hydroxytryptamine). See Serotonin.
Human herpesvirus 8 (HHV-8), and pulmonary 

arterial hypertension, 672
Human immunodeficiency virus (HIV)

and pulmonary arterial hypertension, 672
strokes related to, 364

Hunter,  William, 698–699
Hunter's perforator, 639
Hyalectins, 59, 60f, 60t
Hyaluronan (HA), structure of, 58–59
Hydralazine (Apresoline), pharmacology of, 88t
Hydrogen peroxide, in vasorelaxation, 35
Hydrogen sulfide (H2S), in regulation of vascular 

tone, 17, 17f
Hydrolyser catheter, for acute limb ischemia, 566
3-Hydroxy-3-methylglutaryl-coenzyme A (HMG-

CoA) reductase inhibitors
for peripheral artery disease, 243–244, 253–254, 

254f
for prevention of atheroembolism, 583
for prevention of venous thromboembolism, 

629
for Raynaud's phenomenon, 597

Hydroxychloroquine, for pernio, 616
Hydroxyethylrutin, for lymphedema, 704
5-Hydroxytryptamine (5-HT). See Serotonin.
Hygroma, cystic, 706
Hyperabduction maneuver, 143
Hypercoagulable states

and pulmonary hypertension with sickle cell 
disease, 694

in thromboangiitis obliterans, 534
Hyperglycemia

in acute ischemic stroke, 377–378
and atherosclerosis, 115, 115f
vs. stroke, 365t

Hyperhomocysteinemia, treatment of, for 
peripheral artery disease, 247

Hypertension
accelerated, with renal artery stenosis, 288, 296
with acute ischemic stroke, 378, 379t
arterial

and atherosclerosis, 111–112
pulmonary. See Pulmonary arterial 

hypertension (PAH).
chronic systemic, and pulmonary 

hypertension, 690t
impact of renal revascularization on, 312–313
and intracerebral hemorrhage, 364
malignant, with renal artery stenosis, 296
and peripheral artery disease, 216–217

control of, 244–245, 244f, 245f
persistent pulmonary of newborn, 673
portopulmonary, 672
with renal artery stenosis, 296, 297b
renovascular, 287–288

accelerated, 288, 296
angiotensin II in, 287, 291f
with bilateral renal artery stenosis, 287, 290f
with unilateral renal artery stenosis, 287, 289f
vascular lesions that produce, 286b

resistant, with renal artery stenosis, 296
and stroke risk, 353

Hyperviscosity, and Raynaud's phenomenon, 591
Hypoblast, 1
Hypochlorous acid (HOCl), in small-vessel 

vasculitis, 126–127, 129f
Hypogastric artery, angiography of, 201, 203f
Hypoglycemia

in acute ischemic stroke, 377–378
vs. stroke, 365t

Hypotension, due to carotid artery baroreceptor 
stimulation, 402

Hypothenar hammer syndrome, 594
Hypothermia

for acute ischemic stroke, 378
for acute proximal aortic dissection repair, 435

Hypothyroidism, and Raynaud's phenomenon, 594
Hypotrichosis-lymphedema-telangiectasia, 700, 

795t
Hypoxemia, pulmonary hypertension under 

conditions of, 691–692
due to chronic high-altitude exposure, 692
due to chronic obstructive pulmonary disease, 

691
due to interstitial lung disease, 691
due to sleep apnea, 691–692

Hypoxia, chronic, and pulmonary arterial 
hypertension, 670–672

Hypoxia-inducible factor-1α (HIF-1α), for 
peripheral artery disease, 253

I

Iatrogenic vascular injury, 751–752
arteriovenous fistulae as, 751

treatment options for, 752
pseudoaneurysms as, 751

treatment options for, 751–752
ICA. See Internal carotid artery (ICA).
ICAM. See Intercellular adhesion molecule 

(ICAM).
ICH. See Intracerebral hemorrhage (ICH).
ICSS (International Carotid Stenting Study), 407, 

418
Idiopathic aortitis, 510
Idiopathic episodic digital vasospasm, 587–589
Idiopathic pulmonary fibrosis (IPF), pulmonary 

hypertension due to, 691
IFN-γ (interferon-γ), in atherogenesis, 116
IGF (insulin-like growth factor), in phenotypic 

modulation of vascular smooth muscle 
cells, 26–27

IGF-1 (insulin-like growth factor 1), in cell 
signaling, 63–64

IIA (internal iliac artery), angiography of, 201, 
202, 203f, 205f

ILD (interstitial lung disease), pulmonary 
hypertension due to, 691

Iliac access, for selective angiography, 202, 204f
Iliac arteries, in endovascular aneurysm repair, 

494–495, 497f
Iliac artery disease, after endovascular aneurysm 

repair, 497–498
Iliac artery ectasia, after endovascular aneurysm 

repair, 498
Iliac artery injury, 748, 748f
Iliac vessel injury, 748, 748f
Iliocaval bypass, for deep vein obstruction, 661
Iliofemoral bypass grafting, for aortoiliac 

occlusive disease, 274
Iloprost

for acute limb ischemia, 569
for peripheral artery disease, 251–252
pharmacology of, 81
for thromboangiitis obliterans, 542

IMA (internal mammary artery), angiography of
selective mesenteric, 201, 202f
subclavian, 204, 207f

Image postprocessing, for CT angiography, 186
Image reconstruction, for CT angiography, 

185–186
Imatinib, for pulmonary arterial hypertension, 

683
IMH (intramural hematoma)

aortic, 427, 427f
CT angiography of, 190

Imiquimod (Aldara), for vascular anomalies, 802t
Immune stimuli, endothelium in regulation of 

response to, 18
Immunological mechanisms, in thromboangiitis 

obliterans, 534
Impedance plethysmography, of varicose veins, 

642
Impotence, after abdominal aortic aneurysm 

repair, 489
IMT (intima media thickness), carotid 

ultrasonography of, 155, 156f
Inderal (propranolol)

for aortic dissection, 428t
for hemangiomas, 802t, 805, 806f
pharmacology of, 86, 86t

Indobufen, pharmacology of, 96
Inducible nitric oxide synthase (iNOS), 16–17
Infantile hemangiomas, 790

epidemiology of, 790
noninvoluting, 790, 792f
and PHACE(S) syndrome, 790, 793f
rapidly involuting, 790, 792f
segmental distribution of, 790, 792f, 793f
sequential development of, 790, 791f

Infected aneurysms
anatomical location of, 710
aortic, 710–712

clinical course of, 712
diagnosis of, 711–712, 711f, 711t
features of, 710, 711f
pathogenesis of, 709–710
treatment of, 712

bacteriology of, 710
of carotid artery, 713–714
classification and etiology of, 709
of femoral artery, 712–713
other, 714
pathogenesis of, 709–710
of superior mesenteric artery, 713, 713f
traumatic, 709

Infection(s)
and atherosclerosis, 114
lymphedema due to, 700
and peripheral artery disease, 218
vs. stroke, 365t
and thromboangiitis obliterans, 535
vascular. See Vascular infection(s).

Infectious aortic aneurysms, 465–466
Infective endarteritis, 465
Inferior vena cava (IVC), trauma to, 742, 748–749
Inferior vena cava (IVC) filter, for pulmonary 

embolism, 635
Inflammation

in aortic aneurysm, 460
and atherosclerosis, 114
in peripheral artery disease, 226–227
as phenotype-specific vascular smooth muscle 

cell function, 38–39
and pulmonary arterial hypertension, 675
and stroke risk, 355–356
and thrombosis, 136

Inflammatory diseases, of arterial wall, MR 
angiography of, 179–180, 179f, 180f

Inflammatory stimuli, endothelium in regulation 
of response to, 18

Infliximab, for Kawasaki disease, 552
Infrainguinal arterial occlusive disease, 275–282

clinical manifestations of, 275
percutaneous transluminal angioplasty for, 

275–276
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Infrainguinal arterial occlusive disease 
( Continued)

reconstructive surgery for, 275–282
alternative vein sources for, 280
autogenous vein bypass as, 277, 279f, 280f
indications for, 275
infrainguinal bypass as, 276–282, 276f, 277f, 

278f
in situ grafting as, 277–280, 280f, 281f
nonreversed saphenous vein grafts as, 280
prevention of graft failure with, 275
prosthetic bypass as, 280
reoperative bypass surgery as, 280–282, 282f

Infrainguinal bypass, 276–282, 276f, 277f, 278f
Infrapopliteal arterial occlusive disease, in 

thromboangiitis obliterans, 540, 540f
Infrapopliteal artery injury, 751
Infrapopliteal intervention, 265–266

angiogenesis with, 266
tibioperoneal angioplasty for, 265, 265f
tibioperoneal stents for, 265, 266f

In situ grafting, for infrainguinal arterial occlusive 
disease, 277–280, 280f, 281f

Initial claudication distance, 231
Inner cell mass, 1
Innominate artery, angiography of, 205f
iNOS (inducible nitric oxide synthase), 16–17
Inositol 1,4,5-triphosphate (IP3), in 

vasocontraction, 34, 34f
Inside-out signaling, of integrins, 62, 63
Insonation angle, 151, 151f
Inspra (eplerenone), pharmacology of, 90, 90t
INSTEAD (Investigation of Stent Grafts in Patients 

with Type B Aortic Dissection), 451
Insulin, for peripheral artery disease, 245, 246
Insulin-like growth factor (IGF), in phenotypic 

modulation of vascular smooth muscle 
cells, 26–27

Insulin-like growth factor 1 (IGF-1), in cell 
signaling, 63–64

Insulin-sensitizing agents, for peripheral artery 
disease, 246

Integrin(s)
in cell signaling, with extracellular matrix, 

62–63, 63f, 64f
and growth factors, 63–64, 65f

in vascular smooth muscle cell phenotypic 
modulation, 32

in vascular smooth muscle cell proliferation, 36
Integrin receptors, in platelet function, 97–98
Intercellular adhesion molecule 1 (ICAM-1)

and atherosclerosis, 113f, 116
in endothelial regulation of response to 

inflammatory and immune stimuli, 18
in thrombosis, 136

Intercellular adhesion molecule 2 (ICAM-2), 
in endothelial regulation of response to 
inflammatory and immune stimuli, 18

Interferon-γ (IFN-γ), in atherogenesis, 116
Interior mesenteric artery injury, 747
Interior mesenteric vein injury, 747
Interleukin 6, and atherosclerosis, 113f
Intermittent claudication

blood flow response to exercise in, 225
classification of, 231, 232t
defined, 211
differential diagnosis of, 231–232, 232b
exercise-induced, 223
history of, 139
and lower-extremity ulceration, 732
medical treatment of, 250
patient questionnaires on, 211, 212t
symptoms of, 231

Intermittent pneumatic compression (IPC)
for lymphedema, 704
for prevention of venous thromboembolism, 

629
for thromboangiitis obliterans, 543

Internal carotid artery (ICA)
angiography of, 204, 206f
dissection of, 155, 156f
duplex ultrasound of, 152–155, 153f
spectral waveform analysis of, 153, 153f

with stenosis, 153, 154f
Internal carotid artery/external carotid artery 

(ICA/ECA) angle, and carotid artery 
stenting, 390–392, 391f, 394f

Internal elastic lamina, 43
Internal iliac artery (IIA), angiography of, 201, 

202, 203f, 205f
Internal iliac vein, 343f
Internal jugular vein

duplex ultrasound of, 162, 162f
septic thrombophlebitis of, 724

Internal mammary artery (IMA), angiography of
selective mesenteric, 201, 202f
subclavian, 204, 207f

Internal pudendal artery, functional anatomy of, 
342, 343f

International Carotid Stenting Study (ICSS), 407, 
418

Interrupted aortic arch, 779–780
Intersaphenous vein, 654f
Intersegmental vessels (ISVs), of zebrafish, 4
Interstitial fluid, 699
Interstitial lung disease (ILD), pulmonary 

hypertension due to, 691
Intestinal infarction, 323, 324f
Intima media thickness (IMT), carotid 

ultrasonography of, 155, 156f
Intimal flap prolapse, in aortic dissection, 

420–421, 421f
Intimal tear, in aortic dissection, 419–420, 422f, 

448f
Intraaortic balloon pumps, atheroembolism due 

to, 575
Intracerebral hemorrhage (ICH), 361

due to cerebral amyloid angiopathy, 364
clinical manifestations of, 364
drug-induced, 364
elevated intracranial pressure in, 381–382
due to hypertension, 364
imaging of

CT for, 366, 367f, 382f
MRI for, 368, 368f, 382f

location and symptoms of, 364t
management of, 381–383, 382f
secondary to anticoagulant use, 381
vascular lesions that lead to, 364, 364t

Intracranial pressure, in acute ischemic stroke, 378
Intramural hematoma (IMH)

aortic, 427, 427f
CT angiography of, 190

Intramuscular cardiac hemangioma, 784
Intraplaque hemorrhage, 118f, 119
Intravascular pressure, decreased, in Raynaud's 

phenomenon, 591
Intravascular ultrasound (IVUS)

for aortic dissection, 427
for chronic venous insufficiency, 656
for endovascular aneurysm repair, 494

Intravenous (IV) drug abusers, femoral artery 
infections in, 713

Intravenous (IV) fluid therapy, for acute ischemic 
stroke, 378

Intravenous (IV) gamma globulin, for Kawasaki 
disease, 551–552, 551b

Intravenous immune globulin (IVIG), for 
Kawasaki disease, 551–552, 551b

Intravenous line sepsis, central suppurative 
thrombophlebitis due to, 723

Intravoxel dephasing, 169
Intrinsic complex, 99
Intrinsic factor complex, 99
Intrinsic minus disease, 730
Intrinsic minus foot, 730

Intrinsic pathway, of coagulation cascade, 70–71, 
71f, 99, 99f

Invasive aortography, for aortic dissection, 
426–427

Inverse agonists, 75, 76f
Investigation of Stent Grafts in Patients with Type 

B Aortic Dissection (INSTEAD), 451
IP3 (inositol 1,4,5-triphosphate), in 

vasocontraction, 34, 34f
IPC (intermittent pneumatic compression)

for lymphedema, 704
for prevention of venous thromboembolism, 629
for thromboangiitis obliterans, 543

IPF (idiopathic pulmonary fibrosis), pulmonary 
hypertension due to, 691

Irbesartan (Avapro), pharmacology of, 90t
Ischemia, in Raynaud's phenomenon, 587, 588f
Ischemia/reperfusion injury, 739–740
Ischemic bowel, 323, 324f
Ischemic injury, 740
Ischemic nephropathy, 285, 288
Ischemic penumbra, 372, 373b
Ischemic stroke

device recanalization for, 375
diffusion- or perfusion-weighted MRI of, 

376–377, 376f
ischemic penumbra over time in, 372, 373b
medical treatment of, 372–385

anticoagulation and antiplatelet therapy in, 
379–380

blood pressure management in, 378, 379t
cardiac monitoring in, 378
for fever, 378
general, 377–379
hemodilution in, 380
for hypoglycemia and hyperglycemia, 

377–378
hypothermia in, 378
intra-arterial tissue plasminogen activator 

for, 374–375
intra-arterial urokinase for, 375
intravenous fluid therapy in, 378
intravenous tissue plasminogen activator for, 

374, 374b
neuroprotective drugs in, 375–376, 375b, 

376b
overview of, 361
pathogenesis of, 372, 373f, 415
perfusion CT of, 376–377, 377f
prehospital and emergency department 

management of, 372–374
chain of survival in, 372, 373t
evaluation time benchmarks for, 372, 373t
general care in, 372, 374t
guidelines for, 372, 373t
immediate diagnostic test in, 372–373, 

374b
ventilatory support in, 373–374

prevention of
primary, 381–383
secondary, 380–381

specialized stroke care units for, 375
syndromes of, 362t, 363
transient ischemic attacks and, 349, 361–363

secondary prevention for, 380–381
in young adults, 363

Ischemic ulcers
assessment of

history in, 732
physical examination in, 732
testing and imaging techniques for, 734
ulcer evaluation in, 732–733
vascular examination in, 733

management of, 735
pathophysiology of, 729f, 730
in thromboangiitis obliterans, 537, 537f

Isolated hemisphere, 396
Isoproterenol, pharmacology of, 85, 85t
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Isoptin (verapamil)
for peripheral artery disease, 252
pharmacology of, 87–88, 88t

Isradipine (DynaCirc), pharmacology of, 88t
ISVs (intersegmental vessels), of zebrafish, 4
IV. See Intravenous (IV).
IVC (inferior vena cava), trauma to, 742, 748–749
IVC (inferior vena cava) filter, for pulmonary 

embolism, 635
Ivermectin, for filariasis, 700
IVIG (intravenous immune globulin), for 

Kawasaki disease, 551–552, 551b
IVUS (intravascular ultrasound)

for aortic dissection, 427
for chronic venous insufficiency, 656
for endovascular aneurysm repair, 494

IXai, as factor IX inhibitor, 106

J

JAQ1, 98
Jugular venous pressure, 146
Junctional adhesion molecules (JAMs), in 

adherens junctions, 16
JUPITER Trial, 629

K

K+. See Potassium (K+).
Kaposi sarcoma, 792–793
Kaposiform hemangioendothelioma (KHE), 

790–792, 793f
Kasabach-Merritt phenomenon, 790–791, 801t
Kawasaki disease, 513, 547–555

clinical course of, 550–551
with no detectable lesions, 551
with persistent coronary aneurysms, 

550–551, 550f
with regressed coronary aneurysms, 551

clinical manifestations of, 509t, 548
cardiac, 548–549

cardiac testing for, 549–550, 550f
coronary angiography for, 550, 550f
coronary artery abnormalities as, 548–549
myocarditis as, 549
other, 549
valve regurgitation as, 549

other, 548, 548b
principal, 548, 548b

epidemiology of, 547
etiology and pathogenesis of, 129, 547
pathology of, 547–548
treatment of, 551–552

additional therapies for, 552
antithrombotic, 552
thrombolytic, 552

antiinflammatory therapy for, 551–552, 551b
aspirin as, 551, 551b
corticosteroids as, 552
intravenous gamma globulin as, 551–552, 

551b
coronary revascularization for, 552–553

coronary artery bypass surgery for, 552
percutaneous coronary intervention for, 

552–553
preventive cardiology for, 553

Kawasaki, Tomisaku, 547
Keratocan, 60t
Kerlone (betaxolol), pharmacology of, 86t
KHE (Kaposiform hemangioendothelioma), 

790–792, 793f
Kibe, 615
Kidney transplantation, MR angiography for, 

178–179, 180f

Kiloelectron volts (keV), in CT, 184–185
Klippel-Trénaunay syndrome, 705, 794, 795t, 796f, 

797f
Knee perforators, 639, 640f
Kocher maneuver, 745–746
Kringle domain, 72
Krüppel-like factor (KLF), in regulation of 

vascular smooth muscle cell  
diversity, 29, 29f

Krüppel-like factor 2 (KLF-2), and atherosclerosis, 
117–118

K-space, 166

L

Labetalol (Normodyne, Trandate)
for aortic dissection, 428t
pharmacology of, 86t

Laboratory testing, 148–165
exercise testing for peripheral artery disease 

in, 149–150
limb segmental Doppler pressure 

measurement in, 148–150
interpretation of, 148, 149f

physiological, 148
plethysmographic evaluation of venous reflux 

in, 164
pulse volume recordings in, 148–150

interpretation of, 148–149, 149f, 150f
transcutaneous oximetry in, 150
ultrasonography for. See Ultrasonography.

Lacunar stroke syndromes, 362t
Lamellipodia, in vascular smooth muscle cell 

migration, 37
Laminins

platelet adherence to, 66
structure and function of, 57–58, 57f, 58f
in vascular smooth muscle cell phenotypic 

modulation, 32
LAMP-2 (lysosomal-associated membrane 

protein-2), in small-vessel vasculitis, 126
Laparoscopic revascularization, for aortoiliac 

occlusive disease, 274–275
Large-vessel ischemic stroke syndromes, 362t
Laser therapy, low-level, for lymphedema, 704
Laser-assisted angioplasty, for femoral-popliteal 

artery disease, 265
Latent TGF-β–binding proteins (LTBP), 55
Lateral accessory saphenous vein, 640f
Lateral ankle perforator, 654f
Lateral gastrocnemius perforators, 654f
Lateral leg perforators, 654f
Lateral plantar artery, angiography of, 202
Lateral plate mesoderm (LPM), 2
Lateral sural cutaneous nerve, 654f
LC-20 (myosin light chain), in vascular smooth 

muscle contraction, 75, 76f
LDL (low-density lipoprotein) cholesterol

and atherosclerosis, 111, 113f, 114–115
and stroke risk, 354

LECs (lymphatic endothelial cells), 7
Lectin-binding proteoglycans, 59
Left aortic arch, 779

with aberrant right subclavian artery, 779, 780f
Left atrial pressure, effect of acute mitral 

regurgitation on, 690f
Left circumflex artery, anomalous, 775
Left main coronary artery, anomalous, 775
Left ventricular assist device (LVAD), for 

pulmonary hypertension, 690
Left-sided heart failure, pulmonary hypertension 

due to, 687–688
acute, 687–688, 690f
chronic nonvalvular, 688
diagnosis, treatment, and natural history of, 

688, 690t, 691f

Left-sided valvular disease, pulmonary 
hypertension due to, 688–690

Leg(s). See also Lower extremity(ies).
pulse examination of, 142, 142f, 143f

Leg perforators, 639, 654f
Leg ulcer(s). See Lower-extremity ulcer(s).
Lepirudin

for acute limb ischemia, 563
pharmacology of, 102

Leriche syndrome, 268
Letairis (ambrisentan)

pharmacology of, 90, 91t
for pulmonary arterial hypertension,  

680
Leukocytes

in atherogenesis, 115–116
transendothelial migration of, 19–20

Levatol (penbutolol), pharmacology of, 86t
Levitra (vardenafil)

for erectile dysfunction, 345
pharmacology of, 79–80, 79t

Lewis, Thomas, 590
Lifestyle changes, for varicose veins, 643
Lifestyle factors, and stroke risk, 351–352
Limb(s), vascular examination of, 142–146

Allen test in, 143, 143f
chronic venous insufficiency in, 145,  

145f, 145t
digital vasospasm in, 144
edema in, 144–145
limb ischemia in, 144
livedo reticularis in, 144, 145f
lymphangitis in, 146
lymphedema in, 146, 146f
pulse examination in, 142, 142f, 143f
thoracic outlet maneuvers in, 143, 144f
ulcers in, 144, 144f
varicose veins in, 145–146, 146f

Limb blood flow, in healthy individuals, 224, 224f
Limb edema, examination of, 144–145
Limb ischemia

acute, 557–571
classification of, 561–562, 562t
diagnosis of, 561–562

history in, 140
signs and symptoms in, 561, 562f

epidemiology of, 557
etiology of, 557–559, 559b

acute lower-extremity, 558–559, 559b
acute upper-extremity, 557–558, 558f

pathophysiology of, 559–561
treatment of, 562–569

adjunctive medical therapy for, 569
and compartment syndrome, 568–569
endovascular therapy for, 563–565, 563t
initial medical management for, 563
mechanical thrombectomy devices for, 

565–566, 565f
suction embolectomy for, 566, 566f, 567f
surgical, 567–568, 568f
ultrasound-assisted thrombolysis for, 

566–567
for upper-extremity ischemia, 568

critical, 223, 232–233
defined, 223
differential diagnosis of, 233, 233b, 233f
edema in, 226
epidemiology of, 223, 232
history of, 139–140
medical treatment of, 250
microcirculatory, hemorheological, and 

thrombophilic abnormalities in, 226
risk factors for, 232–233
symptoms of, 232–233, 232f
in thromboangiitis obliterans, 537, 537f

examination for, 144
Limb pressure measurement, 148–150

interpretation of, 148, 149f
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Limb segmental Doppler pressure measurement, 
148–150

interpretation of, 148, 149f
Limb temperature, 144
Limb thrombosis, after endovascular aneurysm 

repair, 499–500
Limb-shaking transient ischemic attack, 362
Linton procedure, for incompetent perforator 

veins, 649
Lipedema, 702
Lipid(s)

and peripheral artery disease, 216, 216t
and stroke risk, 353–354

Lipid-lowering agents, for peripheral artery 
disease, 243–244

Lipodermatosclerosis, 642
Lipoprotein(a) [Lp(a)], and atherosclerosis, 

113–114, 113f
Liposuction, for lymphedema, 705
Lisinopril (Prinivil, Zestril), pharmacology of, 90t
Livedo reticularis, 576

clinical features of, 576, 576f, 580f
defined, 572, 573f
differential diagnosis of, 576
examination of, 144, 145f

Liver transplantation, MR angiography for, 179
LMWH (low-molecular-weight heparin)

pharmacology of, 101–102, 101f
for venous thromboembolism

preventive, 629
therapeutic, 623, 623t, 633

Lobular capillary hemangioma, 792, 793f
Loeys-Dietz syndrome, aortic aneurysm in, 464
Long thoracic nerve, 756f
Loniten (minoxidil), pharmacology of, 87–88, 88t
Loose connective tissue, in tunica adventitia, 11
Lopressor. See Metoprolol (Toprol, Lopressor).
Losartan (Cozaar)

for Marfan syndrome, 421–422
pharmacology of, 89–90, 90t

Lotensin (benazepril), pharmacology of, 90t
Low-density lipoprotein (LDL) cholesterol

and atherosclerosis, 111, 113f, 114–115
and stroke risk, 354

Lower extremity(ies). See also Leg(s).
atheroembolism of, 579–582
MR angiography of, 173–176, 175f, 176f, 177f
venous drainage of, 639, 642f
venous duplex ultrasonography of, 162–164, 

163f
Lower-extremity angiography, 201–202, 203f, 204f, 

205f
Lower-extremity runoff, 200–201, 200f, 201f
Lower-extremity ulcer(s), 727–738

assessment of, 732–734
history in, 732
physical examination in, 144, 144f, 732–734, 

733f
neurological, 734
ulcer evaluation in, 732–733
vascular, 733–734

tests and imaging techniques for, 734
cost of, 727
diabetic

assessment of
history in, 732
neurological examination in, 734
ulcer evaluation in, 733

epidemiology of, 730
management of, 735
pathophysiology of, 730–732

arterial disease in, 731
infection in, 731–732, 731t
musculoskeletal deformities in, 730–731
neuropathy in, 730

etiology of, 727, 728b, 728t
formation of

biomechanics of walking and, 727, 728f

Lower-extremity ulcer(s) ( Continued)
pathophysiology of, 727–732

arterial disease in, 730
diabetic foot in, 730–732, 731t
venous disorders in, 727–729, 729f

management of, 734–737
for diabetic ulcers, 735
general, 734–735, 736f
for ischemic ulcers, 735
neuropathic and musculoskeletal, 736–737
for venous ulcers, 735

neurotrophic
etiology of, 728b, 728t
pathophysiology of, 729f, 730

due to peripheral artery disease (ischemic)
assessment of

history in, 732
physical examination in, 732
testing and imaging techniques for, 734
ulcer evaluation in, 732–733
vascular examination in, 733

management of, 735
pathophysiology of, 729f, 730

prevalence of, 727
venous

management of, 735
pathophysiology of, 727–729, 729f

Lower-extremity vasculitis, CT angiography of, 196
Low-molecular-weight heparin (LMWH)

pharmacology of, 101–102, 101f
for venous thromboembolism

preventive, 629
therapeutic, 623, 623t, 633

Low-resistance waveforms, 151, 151f
Lp(a) [lipoprotein(a)], and atherosclerosis, 

113–114, 113f
LPM (lateral plate mesoderm), 2
LTBP (latent TGF-β–binding proteins), 55
Ludwig, Karl, 698–699
Lumbar puncture, for stroke, 370
Lumbar radiculopathy, vs. intermittent 

claudication, 232
Lumbar sympathectomy, for atheroembolism, 584
Lumenization, 5
Lumican, 60t
Lung, arteriovenous malformations of, 783, 784f
Lung sequestration, 781
Lung transplantation, for refractory pulmonary 

arterial hypertension, 681–682
Lupus pernio, 616
LVAD (left ventricular assist device), for 

pulmonary hypertension, 690
LY517717, pharmacology of, 105
Lymph, 7
Lymphangiogenesis, therapeutic, 705, 706f
Lymphangiography, 702
Lymphangioleiomyomatosis, 795t
Lymphangioma, 706

cavernous, 706
Lymphangiomatosis, 706
Lymphangiosarcoma, 706
Lymphangitis

examination of, 146
history of, 142
recurrent bacterial, 700

Lymphatic anomalies, complex vascular 
pathology with, 705–706

Lymphatic capillaries, 697
Lymphatic circulation

anatomy of, 697–698, 698f
diseases of, 697–708

due to complex vascular pathology with 
lymphatic anomalies, 705–706

Klippel-Trénaunay syndrome as, 705
Maffucci syndrome as, 706
Parkes Weber syndrome as, 706

lymphatic insufficiency as. See Lymphatic 
insufficiency.

Lymphatic circulation ( Continued)
due to proliferative growth of lymphatic 

vascular structures and neoplasm, 706
cavernous lymphangioma and cystic 

hygroma as, 706
lymphangioma as, 706
lymphangiomatosis as, 706
lymphangiosarcoma as, 706

visceral lymphatic disorders as, 706–707
chylous reflux, chylothorax, and chylous 

ascites as, 706
protein-losing enteropathy as, 707

physiology of, 698–699
Lymphatic disorders

history of, 141–142
visceral, 706–707

Lymphatic endothelial cells (LECs), 7
Lymphatic insufficiency, 699–705

clinical presentation of, 701, 701f
diagnostic modalities for, 702–703

CT as, 703
lymphangiography as, 702
lymphoscintigraphy as, 702–703, 703f
MRI as, 703

natural history and differential diagnosis of, 702
pathogenesis of, 699–701

primary, 699–700, 700b
secondary, 700–701

pathology of, 701, 701f
primary, 699–700

age of onset of, 699
anatomical patterns of, 699–700
clinical characteristics of, 700
hereditary conditions associated with, 700, 

700b
secondary, 700–701

due to infection, 700
due to lymphatic trauma, 700–701
due to malignant diseases, 701
other causes of, 701

treatment of, 703–705
medical therapy for, 703–704, 704f
molecular, 705, 706f
surgical, 704–705

Lymphatic malformations, 794, 794f
treatment of, 806

Lymphatic system, 7
Lymphatic trauma, 700–701
Lymphatic vascular neoplasms, 706
Lymphatic vascular structures, proliferative 

growth of, 706
Lymphatic vessels, 697

development of, 7
Lymphedema, 699–705

clinical presentation of, 701, 701f
diagnostic modalities for, 702–703

CT as, 703
lymphangiography as, 702
lymphoscintigraphy as, 702–703, 703f
MRI as, 703

examination of, 146, 146f
factitious, 701
hereditary, 798
history of, 141
late-onset, 795t
natural history and differential diagnosis  

of, 702
pathogenesis of, 699–701

primary, 699–700, 700b
secondary, 700–701

pathology of, 701, 701f
praecox, 699, 795t
primary, 699–700

age of onset of, 699
anatomical patterns of, 699–700
clinical characteristics of, 700
hereditary conditions associated with, 

 700, 700b
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Lymphedema ( Continued)
psychosocial stress related to, 804, 805t
secondary, 700–701

due to infection, 700
due to lymphatic trauma, 700–701
due to malignant diseases, 701
other causes of, 701

treatment of, 703–705
medical therapy for, 703–704, 704f
molecular, 705, 706f
surgical, 704–705

Lymphedema-distichiasis syndrome, 700, 795t
Lymphoscintigraphy, 702–703, 703f
Lymphovenous anastomoses, for lymphedema, 705
Lysosomal-associated membrane protein-2 

(LAMP-2), in small-vessel vasculitis, 126

M

M (mitosis) phase, of cell cycle, 35, 36f
mA (milliamperes), in CT, 184–185
Ma huang, pharmacology of, 84
MAC (membrane attack complex), in small-

vessel vasculitis, 126–127
Macrophage(s)

in atherogenesis, 116
in medium- and large-sized artery vasculitis, 

130, 130f
Macrophage colony-stimulating factor (M-CSF), 

in atherogenesis, 116
Maffucci syndrome, 706, 795t
Magnesium (Mg2+) channels, in vascular smooth 

muscle cell proliferation, 36
Magnetic resonance angiography (MRA)

clinical applications of, 171–180
to abdominal vessels, 176–178

for abdominal aorta imaging, 178, 178f
with abdominal aortic dissection, 178
with aortic occlusion, 178
for mesenteric artery imaging, 178, 179f
for renal artery imaging, 177–178

for aortic aneurysms, 475–477, 476f
for aortic dissection, 426, 426f

abdominal, 178
thoracic, 171, 172f

to coronary arteries, 172, 175f
for endovascular aneurysm repair,  494
to extracranial carotid and vertebral 

arteries, 171, 171f
for inflammatory disease of arterial wall, 

179–180, 179f, 180f
for peripheral artery disease of lower and 

upper extremities, 173–176, 238
contrast-enhanced, 238, 238f
of lower-extremity runoff, 173, 175f
of pedal arteries, 176, 176f
with popliteal artery entrapment, 176, 177f
with Takayasu's arteritis, 238, 238f
of upper extremity, 176, 177f

to pulmonary vessels, 172, 174f
for renal artery stenosis, 177–178, 301–303, 

301t, 302f, 302t
to thoracic aorta and its branches, 171–172, 

171f
with aortic dissection, 171, 172f
with arch vessel disease, 171–172, 173f
with congenital anomalies, 172, 173f
with thoracic aortic aneurysm, 171
with thoracic outlet syndrome, 172, 174f

for transplantation, 178–179, 180f
for vasculitis, 516

techniques of, 166–171, 167t, 168f
"black blood",166–167, 167t, 168f
"bright blood", 167, 167t, 168f
contrast-enhanced, 167t, 169

of peripheral artery disease, 238, 238f

Magnetic resonance angiography (MRA) 
( Continued)
phase-contrast, 167t, 168
postcontrast, 167t
postprocessing, 170–171, 170f, 170t
time-of-flight, 167–168, 167t, 168f

Magnetic resonance imaging (MRI), 166–183
advantages and disadvantages of, 166, 167t
of aortic graft infection, 717, 717f
basic principles of, 166
for chronic venous insufficiency, 658
of lymphedema, 703
for vasculitis, 516

Magnetic resonance venography (MRV), 180–182
abdominal, 181, 181f
of deep vein thrombosis, 180–181, 181f
for vessel wall imaging, 181–182

MAGP-1 (microfibril-associated glycoprotein 1), 55
MAGP-2 (microfibril-associated glycoprotein 

2), 55
Malignancy

lymphedema due to, 701
strokes related to, 364
with vascular anomalies, 805
venous thromboembolism with, 623–624, 627

Malignant hypertension, with renal artery 
stenosis, 296

Malperfusion, severe, with aortic dissection, 
420–421, 421f, 433, 435b

MALS. See Median arcuate ligament syndrome 
(MALS).

Mammalian target of rapamycin (mTOR), in 
vascular smooth muscle cell proliferation, 
36

Mangled Extremity Severity Score, 749, 749t
Manual lymphatic drainage, for lymphedema, 

703
MAO-A (monoamine oxidase A), 83–84
MAO-B (monoamine oxidase B), 83–84
MAOIs (monoamine oxidase inhibitors), 

pharmacology of, 84
MAPPET-3 study,  634
Marfan syndrome (MFS)

aortic aneurysm in, 464
aortic dissection in, 421, 422b

Marimastat, for intraosseous arteriovenous 
malformations, 806

Mathias, Klaus, 386
Matricellular proteins, in vascular smooth muscle 

cell phenotypic modulation, 33
Matrilysins, 51t
Matrix metalloproteinase(s) (MMPs), 50–52

in aortic aneurysm, 459–460
in atherosclerosis, 119
in collagen turnover, 50
domain structure of, 49f, 50
in fibrinolysis, 73
in Kawasaki disease, 547
membrane-type, 51t
in neovasculogenesis and angiogenesis, 52, 52t
regulation of, 52
types of, 50–52, 51t
vascular, 51t
in vascular pathologies, 52t
in vascular smooth muscle cell phenotypic 

modulation, 33
Matrix metalloproteinase (MMP) inhibitor, for 

arteriovenous malformation, 806
Mattox maneuver, 745–746
Mavik (trandolapril), pharmacology of, 90t
Maximum-intensity projection (MIP), 168f, 

170–171, 170f, 170t
May-Thurner syndrome, 763–764

diagnosis of, 764
outcomes of, 764
pathophysiology of, 764
presentation of, 763–764
treatment of, 764

MBS (myosin-binding subunit), in vascular 
smooth muscle contraction, 75, 76f

MCA (middle cerebral artery), angiography of, 
204, 206f

McConnell sign, in pulmonary embolism, 632
MCP-1 (monocyte chemoattractant protein-1), in 

atherogenesis, 116
M-CSF (macrophage colony-stimulating factor), 

in atherogenesis, 116
MCTD (mixed connective tissue disease)

and pulmonary arterial hypertension, 672
Raynaud's phenomenon due to, 592

MDCT (multidetector computed tomography), 
184

MD-CTA. See Multidetector computed.
tomographic angiography (MD-CTA)

Mechanical effects, in vascular smooth muscle 
cell phenotypic modulation, 33–34

Mechanical thrombectomy devices, for acute 
limb ischemia, 565–566, 565f

Medial accessory saphenous vein, 640f
Medial degeneration, of aorta, 421, 421f
Medial gastrocnemius perforators, 654f
Medial knee perforator, 639, 640f
Medial plantar artery, angiography of, 202
Median arcuate ligament syndrome (MALS), 

766–768
CT angiography of, 193
diagnosis of, 767, 767f
MR angiography of, 178, 179f
outcomes of, 768
pathophysiology of, 767
presentation of, 766–767
treatment of, 767–768

Medical history. See History.
Medication side effects, vs. stroke, 365t
Meige disease, 700, 795t
Membrane attack complex (MAC), in small-

vessel vasculitis, 126–127
MERCI retriever, for acute ischemic stroke, 375
Mesenchymal stem cells (MSCs), 40
Mesenteric angiography

of chronic mesenteric ischemia, 329, 330f
selective, 201, 202f

Mesenteric arterial embolism, acute, 323
imaging of, 328, 329f
operative embolectomy for, 328

Mesenteric arterial thrombosis, acute, 323
Mesenteric arteries, MR angiography  

of, 178, 179f
Mesenteric artery aneurysm, CT angiography of, 

193
Mesenteric artery disease

CT angiography of, 193, 194f
history of, 141

Mesenteric ischemia
acute arterial occlusive, 323, 328

due to acute mesenteric arterial embolism, 
323

due to acute mesenteric arterial thrombosis, 
323

etiology of, 323, 324f
natural history of, 323
pathophysiology of, 323, 324f
radiologic diagnosis of, 328

angiography for, 328, 329f
CT for, 328, 329f

signs and symptoms of, 328
treatment of, 328, 332–337

endovascular therapy for, 336–337, 336f
history of, 333
indications for operation in, 333
multiple-vessel revascularization for, 333
single-vessel revascularization, 333, 334t
superior mesenteric artery bypass for, 

334–336
chronic, 326–327, 329–332

epidemiology of, 326, 326b
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Mesenteric ischemia ( Continued)
pathophysiology and natural history of, 

326–327
radiologic diagnosis of, 329–332

CT for, 332, 332f
duplex ultrasonography for, 329–332, 331f
mesenteric angiography for, 329, 330f
MR angiography for, 178, 179f, 332
with splanchnic arterial stenosis, 330–332, 

331f, 332f
signs and symptoms of, 329
treatment of, 332–338

endovascular therapy for, 336–337, 336f
history of, 333
indications for operation in, 333
multiple-vessel revascularization for, 333
single-vessel revascularization, 333, 334t
superior mesenteric artery bypass for, 

334–336
etiology of, 328
nonocclusive, 324–325, 337

epidemiology of, 324, 324b
pathophysiology of, 324–325
radiological diagnosis of, 337
risk factors for, 324, 324b
signs and symptoms of, 337
treatment of, 337

Mesenteric vascular disease
epidemiology and pathophysiology of, 

323–327, 324f
evaluation and treatment of, 328–339
mesenteric ischemia as. See Mesenteric 

ischemia.
mesenteric venous thrombosis as. See 

Mesenteric venous thrombosis (MVT).
Mesenteric venous thrombosis (MVT), 325–326, 

337–338
defined, 325
epidemiology of, 325
natural history of, 326
pathophysiology of, 325–326, 325b
primary, 325
radiological diagnosis of, 338, 338f
secondary, 325, 325b
signs and symptoms of, 337–338
treatment of, 338

Mesoangioblasts, 8f
Mesoderm, 1
Mesothelium, 8f, 9
Metabolic agents, for peripheral artery disease, 

252–253
Metabolic syndrome, and atherosclerosis, 114, 115t
Metalloproteinases, 50–52

domain structure of, 49f, 50
in neovasculogenesis and angiogenesis, 52, 52t
regulation of, 52
types of, 50–52, 51t
in vascular pathologies, 52t

Metastatic niche theory, of hemangiomas, 798, 
799f

Metformin, for peripheral artery disease, 246
Methacholine, 82
Methotrexate, for vasculitis, 518
Methyldopa (Aldomet), pharmacology of, 85t, 86
Methylene blue, 78
Metoprolol (Toprol, Lopressor)

during abdominal aortic aneurysm repair, 483
for aortic dissection, 428t
for peripheral artery disease, 244
pharmacology of, 86t

MFS (Marfan syndrome)
aortic aneurysm in, 464
aortic dissection in, 421, 422b

Mg2+ (magnesium) channels, in vascular smooth 
muscle cell proliferation, 36

MI (myocardial infarction)
carotid artery stenting and, 409
due to Kawasaki disease, 551

Micardis (telmisartan)
for peripheral artery disease, 245
pharmacology of, 90t

Microbial arteritis, 709
Microcirculatory abnormalities, in critical limb 

ischemia, 226
Microcrystalline angiitis, 577
Microemboli, after abdominal aortic aneurysm 

repair, 489
Microfibril(s), 10
Microfibril-associated glycoprotein 1 (MAGP-1), 55
Microfibril-associated glycoprotein 2 (MAGP-2), 

55
Microfibril-associated proteins, 54f, 55
Micronized purified flavonoid fraction (MPFF), 

for varicose veins, 644
Microphlebectomy, for varicose veins, 648–649
MicroRNAs (miRNAs)

in posttranscriptional regulation of vascular 
smooth muscle cell diversity, 30–31, 30f

in vascular smooth muscle cell proliferation, 37
Microscopic polyangiitis, 509t, 512
Middle cerebral artery (MCA), angiography of, 

204, 206f
Middle scalene muscle, 756f
Migraine

vs. stroke, 365t
and stroke risk, 356

Migration, as phenotype-specific vascular 
smooth muscle cell function, 37–38, 38f

Milker's pernio, 615, 615f
Milliamperes (mA), in CT, 184–185
Milroy disease, 700, 705, 795t
Mineralocorticoid receptor (MR), 88f, 89
Mineralocorticoid receptor (MR) antagonists, 

90, 90t
Minipress (prazosin hydrochloride)

pharmacology of, 85t
for Raynaud's phenomenon, 596–597

Minoxidil (Loniten), pharmacology of, 87–88, 88t
MIP (maximum-intensity projection), 168f, 

170–171, 170f, 170t
miRNAs (microRNAs)

in posttranscriptional regulation of vascular 
smooth muscle cell diversity, 30–31, 30f

in vascular smooth muscle cell proliferation, 37
Mitchell, Silas Weir, 604
Mitchell's disease, 604
Mitochondrial metabolism, and pulmonary 

arterial hypertension, 674
Mitochondrial respiration, in peripheral artery 

disease, 228
Mitogens, in vascular smooth muscle cell 

proliferation, 36
Mitosis (M) phase, of cell cycle, 35, 36f
Mitral regurgitation (MR)

in Kawasaki disease, 549
pulmonary hypertension due to, 688–690, 690f, 

690t
Mitral stenosis, and pulmonary hypertension, 

690t
Mixed connective tissue disease (MCTD)

and pulmonary arterial hypertension, 672
Raynaud's phenomenon due to, 592

MLCK (myosin light chain kinase)
in vascular smooth muscle contraction, 75, 76f
in vasocontraction, 34, 34f

MLCP (myosin light chain phosphatase)
in vascular smooth muscle contraction, 75, 76f
in vasocontraction, 35

MMPs. See Matrix metalloproteinase(s) (MMPs).
Modular proteoglycans, 59
Moexipril (Univasc), pharmacology of, 90t
Molecular therapy, for lymphedema, 705, 706f
Molecule F1, in coagulation cascade, 72
Molecule F2, in coagulation cascade, 72
Molsidomine, pharmacology of, 77f, 78
MoMa proximal occlusion device, 398–399, 398f

Monoamine oxidase A (MAO-A), 83–84
Monoamine oxidase B (MAO-B), 83–84
Monoamine oxidase inhibitors (MAOIs), 

pharmacology of, 84
Monoclonal antibodies, as factor IX inhibitors, 

106
Monocyte(s), in atherogenesis, 116
Monocyte chemoattractant protein-1 (MCP-1), in 

atherogenesis, 116
Monopril (fosinopril), pharmacology of, 90t
Morphogen gradient model, for patterning of 

developing vascular smooth muscle cell 
layers, 9–10

Morula, 1
Mosaic patterns, 152
MOTSA (multiple overlapping thin-slab 

acquisitions) technique, 169
MPFF (micronized purified flavonoid fraction), 

for varicose veins, 644
MPO (myeloperoxidase), in small-vessel 

vasculitis, 126, 128f, 129f
MPR (multiplanar reconstruction), 170–171, 170f, 

170t
MR (mineralocorticoid receptor), 88f, 89
MR (mitral regurgitation)

in Kawasaki disease, 549
pulmonary hypertension due to, 688–690, 690f, 

690t
MR (mineralocorticoid receptor) antagonists, 

90, 90t
MRA. See Magnetic resonance angiography (MRA).
MRI. See Magnetic resonance imaging (MRI).
MRTF (myocardin-related transcription factor), 

in regulation of vascular smooth muscle cell 
diversity, 29, 29f

MRV. See Magnetic resonance venography 
(MRV).

MS (multiple sclerosis), vs. stroke, 365t
MSCs (mesenchymal stem cells), 40
MSOF (multisystem organ failure), with 

abdominal aortic aneurysm repair, 487–488
mTOR (mammalian target of rapamycin), in 

vascular smooth muscle cell proliferation, 36
Muller, Robert, 648
Multidetector computed tomographic 

angiography (MD-CTA)
of carotid artery disease, 187–188
of thoracic aorta, 190–191

clinical applications of, 190–191, 191f
technical considerations in, 190

Multidetector computed tomography (MDCT), 
184

Multiphase venous plethysmography, for chronic 
venous insufficiency, 656, 657f

Multiplanar reconstruction (MPR), 170–171, 170f, 
170t

Multiple overlapping thin-slab acquisitions 
(MOTSA) technique, 169

Multiple sclerosis (MS), vs. stroke, 365t
Multiplexin family, of collagens, 45–46, 50f
Multisystem organ failure (MSOF), with 

abdominal aortic aneurysm repair, 487–488
Muscarinic receptor(s), 82, 83t
Muscarinic receptor agonists, 83t
Muscarinic receptor antagonists, 83t
Muscle oxygen consumption, 223–224
Muscle structure and function, in peripheral 

artery disease, 227–228
Mutual guidance, 5–6, 6f
MVT. See Mesenteric venous thrombosis (MVT).
Mycotic aneurysms, 465, 709
Myeloperoxidase (MPO), in small-vessel 

vasculitis, 126, 128f, 129f
Myeloproliferative disease, erythromelalgia and, 

606, 608
Myocardial infarction (MI)

carotid artery stenting and, 409
due to Kawasaki disease, 551
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Myocardin
in regulation of vascular smooth muscle cell 

diversity, 28–29, 29f
in smooth muscle cell differentiation, 9

Myocardin-related transcription factor (MRTF), 
in regulation of vascular smooth muscle cell 
diversity, 29, 29f

Myocarditis, in Kawasaki disease, 549
Myonephropathic-metabolic syndrome, 739
Myosin light chain (LC-20), in vascular smooth 

muscle contraction, 75, 76f
Myosin light chain kinase (MLCK)

in vascular smooth muscle contraction, 75, 76f
in vasocontraction, 34, 34f

Myosin light chain phosphatase (MLCP)
in vascular smooth muscle contraction, 75, 76f
in vasocontraction, 35

Myosin-binding subunit (MBS), in vascular 
smooth muscle contraction, 75, 76f

Myxedema, 702

N

N-acetylcysteine, for Raynaud's phenomenon, 
597

Nadolol (Corgard)
pharmacology of, 86t
for vascular anomalies, 802t

Nailfold capillary microscopy
in acrocyanosis, 601
in Raynaud's phenomenon, 594–595, 595f

NASCET (North American Symptomatic Carotid 
Endarterectomy Trial), 386, 387, 417

National Audit of Thrombolysis for Acute Leg 
Ischemia (NATALI), 564

National Institutes of Health Stroke Scale 
(NIHSS), 366

Natriuretic peptide(s)
pharmacology of, 79
and pulmonary arterial hypertension, 674, 

676
Natriuretic peptide receptors (NPRs), and 

pulmonary arterial hypertension, 674
NCC (neural crest cells), 8, 8f

in aortic arch anomalies, 778–779, 779f
NCS (nerve conduction study), for diabetic 

neuropathy, 734
NE (norepinephrine)

pharmacology of, 85, 85t
release and uptake of, 83–84, 84f

Nebivolol (Bystolic)
for peripheral artery disease, 244
pharmacology of, 86t

Neck
arteriovenous malformations of, 783
vascular examination of, 146–147, 146f
venous duplex ultrasonography of, 162, 162f
venous injury in, 744

Necrotic core atheroma, 116
Neointima formation

matrix metalloproteinases and, 52t
in pulmonary arterial hypertension, 667, 668f, 

669f
Neovasculogenesis, matrix metalloproteinases 

in, 52
Nephrogenic systemic fibrosis (NSF), due to 

gadolinium, 169
Nephrogram, 309, 310f
Nephropathy

evaluation of, 307–309, 309t, 310f
ischemic, 285, 288

Nerve conduction study (NCS), for diabetic 
neuropathy, 734

Nesiritide, 79
NET(s) (neutrophil extracellular traps), in small-

vessel vasculitis, 126

NET (norepinephrine transporter), 83–84, 84f
Network-forming collagens, 44–46, 46f, 48f, 50f
Neural crest cells (NCC), 8, 8f

in aortic arch anomalies, 778–779, 779f
Neural networks, and vascular networks, 5–6, 6f
Neurocan, 59, 60f, 60t
Neurogenic thoracic outlet syndrome, 756–757
Neurological disorders, Raynaud's phenomenon 

due to, 593
Neurological examination, for lower-extremity 

ulcers, 734
Neurological findings, in thromboangiitis 

obliterans, 538
Neuron(s), and vessels, 5–6, 6f
Neuronal nitric oxide synthase (nNOS), 16–17
Neuropathic foot ulcers

assessment of
history in, 732
neurological examination in, 734
ulcer evaluation in, 733

epidemiology of, 730
management of, 735, 736–737
pathophysiology of, 730

with arterial disease, 731
with congenital foot deformities, 731
with infection, 731

Neuroprotective drugs, for acute ischemic stroke, 
375–376, 375b, 376b

Neurotrophic ulcers
etiology of, 728b, 728t
pathophysiology of, 729f, 730

Neurovascular circulation, CT angiography of, 
187

Neurovascular compression syndromes, history 
of, 140

Neutrophil extracellular traps (NETs), in small-
vessel vasculitis, 126

Nevus flammeus, 781
Nevus venosus, 781
Newborn, persistent pulmonary hypertension 

of, 673
Nicardipine (Cardene), pharmacology of, 88t
NICH (noninvoluting congenital hemangiomas), 

790, 792f
Nicotinic receptors, 82, 83t
Nifedipine (Adalat, Procardia)

for peripheral artery disease, 252
for pernio, 616
pharmacology of, 87–88, 88t
for pulmonary arterial hypertension, 680
for Raynaud's phenomenon, 596

NIHSS (National Institutes of Health Stroke 
Scale), 366

Nimodipine (Nimotop), pharmacology of, 87–88, 
88t

Nisoldipine (Sular)
for peripheral artery disease, 244, 244f
pharmacology of, 87–88, 88t

Nitinol stents, 399, 400
Nitrate(s), pharmacology of, 77–78, 77f
Nitrate preparations, for Raynaud's phenomenon, 

597
Nitric oxide (NO)

in hemostasis, 70
and pulmonary arterial hypertension,  

673, 673t
and pulmonary hypertension with sickle cell 

disease, 693–694
in regulation of vascular tone, 16–17, 17f
in renal artery disease, 291
in vasorelaxation, 35

Nitric oxide (NO)-based therapy, for refractory 
pulmonary arterial hypertension, 682–683

Nitric oxide (NO) bioavailability,  ADMA as 
biochemical marker of, 21

Nitric oxide (NO)/guanylyl cyclase/cGMP–
dependent protein kinase pathway, drugs 
that affect, 76–80

Nitric oxide (NO)-mediated vasodilation, 21
Nitric oxide (NO) pathway

drugs that affect, 76–80
in vascular smooth muscle contraction, 75, 76f

Nitric oxide (NO)-soluble guanylyl cyclase 
signaling, in vascular smooth muscle cells, 
691f

Nitric oxide synthase (NOS), 16–17
Nitroglycerin, pharmacology of, 77–78, 77f
Nitroprusside, pharmacology of, 77–78, 77f
Nitrovasodilators, pharmacology of, 77–78, 77f
nNOS (neuronal nitric oxide synthase), 16–17
NO. See Nitric oxide (NO).
NOMI. See Nonocclusive mesenteric ischemia 

(NOMI).
Non-competitive antagonists, 75–76, 77f
Non-dihydropyrimidines, pharmacology of, 

87–88, 88t
Non–hyaluronan-binding proteoglycans, 59–61, 

60f, 60t
Noninvoluting congenital hemangiomas (NICH), 

790, 792f
NONOates, pharmacology of, 78
Nonocclusive mesenteric ischemia (NOMI), 

324–325, 337
epidemiology of, 324, 324b
pathophysiology of, 324–325
radiological diagnosis of, 337
risk factors for, 324, 324b
signs and symptoms of, 337
treatment of, 337

Nonreversed saphenous vein grafts, for 
infrainguinal arterial occlusive disease, 280

Nonsprouting angiogenesis, 2
Nonsteroidal antiinflammatory drugs (NSAIDs), 

pharmacology of, 81, 96
Nonvascular tissue development, vascular 

induction of, 7
No-reflow phenomenon, 739–740
Norepinephrine (NE)

pharmacology of, 85, 85t
release and uptake of, 83–84, 84f

Norepinephrine transporter (NET), 83–84, 84f
Normodyne (labetalol)

for aortic dissection, 428t
pharmacology of, 86t

North American Symptomatic Carotid 
Endarterectomy Trial (NASCET), 386, 387, 
417

Norvasc (amlodipine), pharmacology of, 87–88, 
88t

NOS (nitric oxide synthase), 16–17
Notch signaling pathway

in arterial and venous endothelial cell 
differentiation, 2

in phenotypic modulation of vascular smooth 
muscle cells, 28

in sprouting angiogenesis, 3, 3f
in vascular smooth muscle cell  

proliferation, 37
in vascular wall morphogenesis, 10

NPRs (natriuretic peptide receptors), and 
pulmonary arterial hypertension, 674

NSAIDs (nonsteroidal antiinflammatory drugs), 
pharmacology of, 81, 96

NSF (nephrogenic systemic fibrosis), due to 
gadolinium, 169

Nuck, Anton, 697
Nutcracker phenomenon, 764
Nutcracker syndrome, 764–765

diagnosis of, 764–765
outcomes of, 765
pathophysiology of, 764
presentation of, 764
treatment of, 765

Nutraceuticals, for peripheral artery disease, 
254–255

Nutrition, and stroke risk, 351
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Obesity
and peripheral artery disease, 217
and stroke risk, 352

Obstructive sleep apnea (OSA), pulmonary 
hypertension due to, 691–692

Occludin, in tight junctions, 16
ODQ (1H-[1,2,4]Oxadiazolo[4,3-1]quinoxalin-1), 

78
OK-432, for lymphatic malformations, 806
Olmesartan (Benicar), pharmacology of, 90t
Omega-3 fatty acid intake, and stroke risk, 351
One-kidney, one-clip (1K1C) model, 287, 290f
One-step approach, for carotid sheath placement, 

397–398, 397f
Open versus Endovascular Repair (OVER) 

Veterans Affairs Cooperative Study Group, 
501

Operative exploration, for aortic graft infection, 
718

Oral anticoagulants, pharmacology of, 100
Oral contraceptives, and venous 

thromboembolism, 627
OraVerse (phentolamine)

for erectile dysfunction, 345–346
pharmacology of, 85–86, 85t

Orthopedic concerns, with vascular anomalies, 
804

OSA (obstructive sleep apnea), pulmonary 
hypertension due to, 691–692

Osler-Weber-Rendu disease, 795t
Osteoadherin, 60t
Osteoarthritis, vs. intermittent claudication, 232
Osteoglycin, 60t
Osteoporosis prevention, with vasculitis, 

518–519
Outside-in signal transduction, 62
Outside-in signaling, 62
OVER (Open versus Endovascular Repair) 

Veterans Affairs Cooperative Study Group, 
501

Overweight, and stroke risk, 352
1H-[1,2,4]Oxadiazolo[4,3-1]quinoxalin-1 (ODQ), 

78
Oxidative injury, in peripheral artery disease, 

226–227, 227f
Oxidative metabolism, in peripheral artery 

disease, 228
Oxidative stress, in renal artery disease, 292
Oxidized low-density lipoprotein (OxLDL), in 

inflammation, 38
Oximetry, transcutaneous, 150
Oxygen therapy, for pulmonary arterial 

hypertension, 679

P

P2Y12 receptor antagonists
non-thienopyridine, 97
thienopyridine, 96

PA(s). See Pulmonary artery(ies) (PAs).
PACNS (primary angiitis of the central nervous 

system), 509t, 513, 514f
PAD. See Peripheral artery disease (PAD).
Paget-Schroetter syndrome, 141

diagnosis of, 759, 760f
presentation of, 757
treatment of, 762

PAH. See Pulmonary artery hypertension (PAH).
PAI-1 (plasminogen activator inhibitor 1), 72, 73, 

73f
PAI-2 (plasminogen activator inhibitor 2), 72, 73f
PAN (polyarteritis nodosa), 511, 511f

clinical manifestations of, 509t
pathogenesis of, 129

PAP(s) (percutaneous ablation of perforators), 
662

PAP (pulmonary artery pressure), 667, 687
Papaverine, for erectile dysfunction, 345–346
PAPVC (partial anomalous pulmonary venous 

connection), 771, 772–773, 774f
Paracellular pathway, 15f, 16
Paraneoplastic Raynaud's phenomenon, 594
Paraplegia, after abdominal aortic aneurysm 

repair, 489
Paraspinal midline vascular lesion, 801t
Parasympathetic nervous system, 81–87, 82f

vascular, 82, 83t
Paratibial perforators, 640f, 652, 654f
Paré, Ambroise, 341
Parkes Weber syndrome, 706
Paroxysmal nocturnal hemoglobinuria (PNH), 

pulmonary hypertension in, 694
Partial agonist, 75, 76f
Partial anomalous pulmonary venous 

connection (PAPVC), 771, 772–773, 774f
Partial thromboplastin time (PTT), 72
Passive smoke, and stroke risk, 352
Patent ductus arteriosus (PDA)

coarctation of aorta with, 778
and pulmonary arterial hypertension, 672

Patient history. See History.
PAU (penetrating aortic ulcerations), CT 

angiography of, 190
PCA (posterior cerebral artery), angiography of, 

208f
PCI (percutaneous coronary intervention), for 

Kawasaki disease, 552–553
PCWP (pulmonary capillary wedge pressure), 

687, 690t
PDE (phosphodiesterase) inhibitors

pharmacology of, 79–80, 79t
for thromboangiitis obliterans, 542

PDE5 (phosphodiesterase 5) inhibitors, for 
pulmonary arterial hypertension, 680

PDGF. See Platelet-derived growth factor (PDGF).
PE. See Pulmonary embolism (PE).
Peak systolic value (PSV), for renal artery 

stenosis, 299
PECAM-1 (platelet–endothelial cell adhesion 

molecule 1)
in adherens junctions, 16
in endothelial regulation of response to 

inflammatory and immune stimuli, 18
Pedal arteries, magnetic resonance angiography 

of, 176f
Pedal pulses, for peripheral artery disease, 233, 

234f
Pediatric vascular trauma, 752
PEITHO (Pulmonary Embolism International 

Thrombolysis Trial), 634
Pelvic plexus, functional anatomy of, 343,  

343f
Pelvic suppurative thrombophlebitis, 723
Penbutolol (Levatol), pharmacology of, 86t
Penetrating aortic ulcerations (PAU), CT 

angiography of, 190
Penetrating trauma, vascular, 739
Penile artery, 342
Penile prosthesis, for erectile dysfunction, 346, 

346f
Penis, functional anatomy of, 341–343

arterial system in, 342, 343f
corporal bodies, sinusoids, and glans in, 

341–342, 342f
nervous system in, 342–343, 343f

autonomic pathways of, 343
somatic pathways of, 343

tunica albuginea in, 342, 342f
venous system in, 342, 343f

Pentoxifylline
for chronic venous insufficiency, 659
for peripheral artery disease, 252

PENUMBRA device, for acute ischemic stroke, 
375

Percent stenosis, 187
Percusurge GuardWire, 398–399
Percutaneous ablation of perforators (PAPs), 

662
Percutaneous aspiration, for aortic graft infection, 

718
Percutaneous coronary intervention (PCI), for 

Kawasaki disease, 552–553
Percutaneous transluminal angioplasty (PTA)

for femoral-popliteal artery disease, 263, 263f, 
264f, 264t

for infrainguinal arterial occlusive disease, 
275–276

for mesenteric occlusive disease, 336–337
for renal artery stenosis, 311–312

surgery after failed, 321
tibioperoneal, 265, 265f

Perforating veins. See Perforator vein(s).
Perforator interruption, open, 660
Perforator vein(s)

anatomy of, 639, 640f, 652, 654f
Boyd's, 639, 640f
Cockett's, 639, 640f, 652, 654f
Hunter's, 639
incompetent

calf "muscle pump" and, 641f
management of, 649

endovenous treatment for, 662–663
surgical, 660

knee, 639, 640f
leg, 639, 654f
tight, 639

Perfusion computed tomography, of acute 
ischemic stroke, 376–377, 377f

Perfusion-weighted imaging (PWI), of acute 
ischemic stroke, 376–377, 376f

Periarterial sympathectomy, for thromboangiitis 
obliterans, 542

Pericytes, 7, 8t
Perindopril (Aceon)

for peripheral artery disease, 244
pharmacology of, 90t

Periocular vascular anomalies, 798–799, 801t
Periodontal disease, and thromboangiitis 

obliterans, 535
Peripheral arterial tonometry, 21
Peripheral arterial ultrasonography, 158–160, 

160f, 236–237, 238f
of extremity following revascularization, 

158–160, 160f
Peripheral artery aneurysm

CT angiography of, 195, 195f
ultrasonography for, 158, 160f

Peripheral artery disease (PAD)
classification of, 231, 232t, 234

and endovascular treatment, 259, 260t
clinical evaluation of, 231–241

algorithm for, 239, 240f
diagnostic testing for, 235–239
imaging in, 236–239
patient history in, 139–140, 231–232

of claudication, 231, 232t
of critical limb ischemia, 232–233,  

232f
physical examination in, 233–234, 234f

clinical manifestations of, 223
critical limb ischemia as, 223
exercise limitation as, 223

defined, 211
diagnostic testing for, 235–239

exercise testing in, 149–150, 236
noninvasive, 236–239
office-based ankle-brachial index in, 

235–236, 235f
physiological, 236, 237f

endovascular treatment of, 259–267
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Peripheral artery disease (PAD) ( Continued)
anticoagulation during, 261
for aortoiliac vessels, 262–263, 262f
contraindications to, 259
equipment for, 261–262
for femoral-popliteal vessels, 263–265

angioplasty and stent placement for, 263, 
263f, 264f

atherectomy with, 264–265
brachytherapy with, 264
covered stents for, 263
cryoplasty with, 265
cutting balloon for, 265
drug-eluting balloons and stents for, 

263–264, 264f
laser-assisted angioplasty with, 265

general measures prior to, 260, 261f
indications for, 259, 260f, 260t, 261f
for infrapopliteal intervention, 265–266

angiogenesis with, 266
tibioperoneal angioplasty in, 265, 265f
tibioperoneal stents in, 265, 266f

premedication for, 260
training for, 259, 260t
vascular access for, 261

epidemiology of, 211–222
co-prevalence of other atherosclerotic 

disease and, 219
disease progression in, 219
incidence and prevalence in, 212–214, 213f, 

214f
as predictor of mortality and morbidity, 

219–221, 220t
risk factors in, 214–218, 215t

alcohol consumption as, 217
C-reactive protein and fibrinogen as, 218
diabetes as, 215
homocysteine as, 218
hypertension and blood pressure as, 

216–217
interactions and comparisons of, 218–219
lipids as, 216, 216t
obesity as, 217
other, 218
race and ethnicity as, 217–218
smoking as, 214–215, 215t

symptoms and measures in, 211–212
ankle-brachial index for, 211–212
San Diego Claudication Questionnaire for, 

211, 212t
imaging of, 236–239

contrast angiography for, 239, 239f
CT angiography for, 194–196, 239

with atherosclerotic disease, 195, 195f
clinical applications of, 195, 195f
maximal-intensity projection, 239
technical considerations with, 194, 194t
volume-rendered, 239, 239f

duplex ultrasonography for, 158–160, 160f, 
236–237, 238f

MR angiography for, 173–176, 238
contrast-enhanced, 238, 238f
of lower-extremity runoff, 173, 175f
of pedal arteries, 176, 176f
with popliteal artery entrapment, 176, 177f
with Takayasu's arteritis, 238, 238f
of upper extremity, 176, 177f

ultrasonography for, 158–160, 160f, 236–237, 
238f

limb pressure measurement and pulse volume 
recordings for, 148–150, 149f, 150f

lower-extremity ulcers due to
assessment of

history in, 732
physical examination in, 732
testing and imaging techniques for, 734
ulcer evaluation in, 732–733
vascular examination in, 733

Peripheral artery disease (PAD) ( Continued)
management of, 735
pathophysiology of, 729f, 730

medical treatment of, 242–258
angiogenic growth factors for, 253
anticoagulant therapy for, 249
antiplatelet therapy for, 247–249, 248f, 249f
care and protection of feet for, 249–250
exercise training for, 250
goals of, 242, 243f
hemorheological agents for, 252
to improve function and quality of life, 250–255
for intermittent claudication and critical 

limb ischemia, 250
metabolic agents for, 252–253
miscellaneous pharmacological agents for, 

254
nutraceuticals and alternative therapies for, 

254–255
l-arginine as, 254
disodium ethylenediaminetetraacetic 

acid as, 255
ginkgo biloba as, 254–255
vitamin E as, 254

risk factor modification for, 242–250
control of diabetes mellitus in, 245–247
lipid-lowering therapy in, 243–244
smoking cessation in, 242–243
treatment of hyperhomocysteinemia in, 

247
treatment of hypertension in, 244–245, 

244f, 245f
statins for, 253–254, 254f
stem cell therapy for, 253
vasodilator drugs for, 251–252

calcium channel blockers as, 252
cilostazol as, 251, 251f
prostaglandins as, 251–252

pathophysiology of, 223–230, 224t
hemodynamics in, 223–226

abnormalities of, 224–225
blood flow response to exercise in, 225
critical artery stenosis in, 225
determinants of limb blood flow in 

healthy individuals as, 224, 224f
edema in, 226
endothelial regulation of flow in, 226
hemorheology in, 226
microcirculatory, hemorheological, and 

thrombophilic abnormalities in, 226
other contributors to altered blood flow 

in, 225
skeletal muscle oxygen consumption in, 

223–224
inflammation and oxidative injury in, 

226–227, 227f
muscle structure and function in, 227–228

reconstructive surgery for, 268–284
for aortoiliac occlusive disease, 268–275

aortobifemoral bypass as, 270–271, 270f, 
271f, 272f

axillobifemoral bypass as, 272–273
endarterectomy as, 269
extra-anatomical bypass as, 272
femorofemoral bypass as, 273, 273f, 274f
iliofemoral bypass as, 274
laparoscopic revascularization as, 

274–275
thoracic aorta–to–femoral artery bypass 

as, 274
graft failure and surveillance with, 282–283, 

282f
for infrainguinal arterial occlusive disease, 

275–282
alternative vein sources for, 280
autogenous vein bypass as, 277, 279f, 280f
infrainguinal bypass as, 276–282, 276f, 

277f, 278f

Peripheral artery disease (PAD) ( Continued)
in situ grafting as, 277–280, 280f, 281f
nonreversed saphenous vein grafts as, 280
prosthetic bypass as, 280
reoperative bypass surgery as, 280–282, 

282f
role of percutaneous transluminal 

angioplasty and, 275–276
management after, 282

symptoms of, 231
claudication as, 231, 232t

differential diagnosis of, 231–232, 232b
critical limb ischemia as, 232–233, 232f

differential diagnosis of, 233, 233b, 233f
Peripheral artery stenosis, ultrasonography for, 

158, 160f
Peripheral bypass graft, ultrasound following, 

158–160, 160f
Peripheral graft infections, treatment of, 

721–722
Peripheral vascular angiography, 199–209

for abdominal aortography and lower-
extremity runoff, 200–201, 200f, 201f

of aortic arch and brachiocephalic vessels, 
202–204, 205f, 206f

aortoiliac and lower-extremity, 201–202, 203f, 
204f, 205f

carotid, 204, 207f
complications of, 205–208

access site–related, 205–208, 259, 261f
catheter-related, 208
systemic, 208

imaging equipment for, 199, 199f
imaging technique for, 199–200
obtaining vascular access for, 200–205, 200f
radiographic contrast for, 199
selective mesenteric, 201, 202f
selective renal, 201, 201f, 202f
subclavian, 204, 207f
vertebral, 204–205, 207f, 208f

Peripheral vascular anomalies and 
malformations, 781–783, 790–809

clinical issues with, 798–805, 801t, 802t
airway symptoms as, 798
bleeding associated with coagulation and 

other abnormalities as, 804
gynecological issues as, 804
with hemangiomatosis, 803
hemodynamic sequelae as, 804
with hepatic hemangiomas, 800
malignancies as, 805
orthopedic concerns as, 804
with periocular lesions, 798–799
with port-wine stains, 798
psychosocial issues as, 804, 805t
ulcerating lesions as, 803

etiology of, 797–798
adipocytes in, 798, 800f
endothelial cells of, 798, 800b
metastatic niche theory of, 798, 799f

fast-flow, 782–783
arteriovenous, 782–783, 784f

genetics of, 798, 800f
hemangiomas as, 790–793

airway symptoms with, 798
bleeding associated with coagulation and 

other abnormalities in, 804
clinical findings with, 801t
clinical issues warranting evaluation of, 

801t
defined, 790
etiology of, 797–798

adipocytes in, 798, 800f
metastatic niche theory of, 798, 799f

gynecological issues with, 804
hemodynamic sequelae of, 804
hepatic, 800
of infancy, 790

838



839
IN

D
EX

Peripheral vascular anomalies and 
malformations ( Continued)

epidemiology of, 790
noninvoluting, 790, 792f
and PHACE(S) syndrome, 790, 793f
rapidly involuting, 790, 792f
segmental distribution of, 790, 792f, 793f
sequential development of, 790, 791f

and malignancies, 805
multiple, 803
periocular, 798–799
psychosocial issues with, 804, 805t
treatment of

clinical findings and, 801t
clinical trials for, 802t
medical, 805–806, 806f
surgical, 806

ulcerating, 803
and intracerebral hemorrhage, 364
prenatal diagnosis of, 797
proliferative, 790–793
slow-flow, 781–782

capillary, 781–782, 782f
venous, 782

static, 793–794, 794f
syndromic, 794–797, 795t

blue rubber bleb nevus syndrome as, 794, 
797f

Klippel-Trénaunay syndrome as, 794, 796f, 
797f

PTEN-associated hamartoma syndromes as, 
794–797

Sturge-Weber syndrome as, 794
treatment of

for hemangiomas, 805–806, 806f
for vascular malformations, 806

vascular malformations as, 781–783, 793–794
clinical issues with, 791, 801t
combined (capillary-venous-lymphatic), 

784–785
etiology of, 797–798
fast-flow, 782–783

arteriovenous, 782–783, 784f
genetics of, 798, 800f
gynecological issues with, 804
lymphatic, 794, 794f
slow-flow, 781–782

capillary, 781–782, 782f, 793–794, 794f
venous, 782

treatment of, 806
Peripheral vascular trauma, 749–751

angiography for, 749
brachial and forearm vessel, 750
calf vessel, 750–751
femoral vessel, 750
Mangled Extremity Severity Score for, 749, 

749t
noninvasive studies for, 749
subclavian-axillary, 750
venous, 751

Peripheral vein suppurative thrombophlebitis, 
722–723

Periprostatic plexus, 343f
Perivascular adventitial adipocytes (PVAs), in 

vasorelaxation, 35
Perlecan, 59–61, 60t
Pernio, 613–617

acute, 614f, 615, 615f
chronic, 615, 615f
clinical features of, 615–616, 615f
defined, 613, 614f
diagnosis of, 616
differential diagnosis of, 616
epidemiology of, 613
histopathology of, 613–614, 615f
history of, 140
lupus, 616
milker's, 615, 615f

Pernio ( Continued)
names used to describe, 613, 614b
pathophysiology of, 613, 614b
treatment of, 616

Peroneal artery, angiography of, 202, 204f
Peroxisome proliferator-activated receptor(s) 

(PPARs), in vascular smooth muscle cell 
proliferation, 37

Peroxisome proliferator-activated receptor 
γ (PPAR-γ), and pulmonary arterial 
hypertension, 673t, 674

Persistent pulmonary hypertension of the 
newborn (PPHN), 673

Perthes test, 145–146, 642
PET (positron emission tomography)

of giant cell arteritis, 530
for vasculitis, 517

PF4 (platelet factor 4), in thrombosis, 136
PFTs (pulmonary function tests), for pulmonary 

arterial hypertension, 678
PG(s). See Proteoglycans (PGs).
PGE1 (prostaglandin E1)

for erectile dysfunction, 345
for peripheral artery disease, 251–252
for Raynaud's phenomenon, 597

PGE2 (prostaglandin E2), in aortic aneurysm, 460
PGI2. See Prostacyclin (PGI2).
PH. See Pulmonary hypertension (PH).
PHACE(S) association, 790, 795t
PHACE(S) syndrome, 790, 793f, 798–799
Pharmacodynamics, 75–76
Pharmacokinetics, 75–76
Pharmacology

of antithrombotic drugs, 94–109
coagulation and, 99–100, 99f
factor IX inhibitors as, 106
factor Xa inhibitors as, 104–105
oral anticoagulants as, 100
platelet inhibitors as, 94–98, 95f

cyclooxygenase inhibitors as, 95–96, 95f
GPIIb/IIIa antagonists as, 97–98
P2Y12 receptor-targeting, 96–97
platelet adhesion inhibitors as, 98

thrombin inhibitors as, 100–106
direct, 102
indirect, 100–102, 101f

warfarin as, 100
vascular, 75–93

drugs that affect NO/guanylyl cyclase/
cGMP–dependent protein kinase 
pathway in, 76–80

natriuretic peptides as, 79
nitrovasodilators as, 77–78, 77f
phosphodiesterase inhibitors as, 79–80, 79t
unique modulators of soluble guanylyl 

cyclase as, 78–79
endothelin receptor antagonists in, 90–91, 

91t
pharmacokinetics and pharmacodynamics 

in, 75–76, 76f, 77f
prostaglandins and thromboxane agonists 

and antagonists as, 80–81, 80f
cyclooxygenase inhibitors as, 81
prostacyclin analogs as, 81

renin-angiotensin-aldosterone system in, 
88–90

drugs that inhibit, 89–90, 90t
receptors and novel mediators of 

signaling in, 89
regulation of, 88–89, 88f

sympathetic and parasympathetic nervous 
systems in, 81–87, 82f

adrenergic agonists and antagonists in, 
84–85, 85t

adrenergic and muscarinic receptor 
actions in, 82, 83t

adrenergic receptors and agonist 
selectivity in, 82–83

Pharmacology ( Continued)
and pharmacologic interruption of 

catecholamine metabolism, 83–84, 84f
vascular parasympathetic system in, 82, 83t

vascular potassium and calcium channels 
in, 87–88, 88t

vascular smooth muscle activation in, 75–76, 
76f

Pharmacomechanical therapy, for pulmonary 
embolism, 634

Phase dispersion, 169
Phase-contrast technique, 167t, 168
Phase-encoding gradients, 166
Phenotypic modulation

in smooth muscle cell differentiation, 9
of vascular smooth muscle cells, 25–31

influence of cell-cell and cell-matrix 
interactions on, 31–34

cell-cell adhesion molecules (cadherins 
and gap junction connexins) in, 
31–32

cell-matrix adhesion molecules in, 32–34
posttranscriptional regulation of, 30–31, 30f
posttranslational regulation of, 31
transcriptional regulation of, 28–30, 29f

SRF/myocardin axis in, 28–29, 29f
zinc finger proteins in, 29–30, 29f

upstream mediators of, 26–28
differentiation-inducing factors as, 27, 27f
dual factors as, 27–28, 27f
growth-inducing factors as, 26–27, 27f
Notch communication as, 28

Phenoxybenzamine (Dibenzyline), 
pharmacology of, 85–86, 85t

Phentolamine (Regitine, OraVerse)
for erectile dysfunction, 345–346
pharmacology of, 85–86, 85t

Phenylephrine, pharmacology of, 85t, 86
Phlebectatic crown, 642
Phlebectomy

for superficial vein incompetence, 660
transilluminated powered, for varicose veins, 

648
Phlebolith, 801t, 806
Phlebotonic drug treatment, for chronic venous 

insufficiency, 659
Phosphatase and tensin homolog protein 

(PTEN)-associated hamartoma syndromes, 
794–797

Phosphodiesterase 5 (PDE5) inhibitors, for 
pulmonary arterial hypertension, 680

Phosphodiesterase (PDE) inhibitors
pharmacology of, 79–80, 79t
for thromboangiitis obliterans, 542

Phosphodiesterase type 5 (PDE5) inhibitors, for 
Raynaud's phenomenon, 597

Phospholipase C, in vasocontraction, 34, 34f
Photon energy, 184–185
Photon flux, 184–185
Photoplethysmography, 149

of varicose veins, 642
Physical examination, 142–147

abdominal, 147, 147f
of limbs, 142–146

Allen test in, 143, 143f
chronic venous insufficiency in, 145, 145f, 

145t
digital vasospasm in, 144
edema in, 144–145
limb ischemia in, 144
livedo reticularis in, 144, 145f
lymphangitis in, 146
lymphedema in, 146, 146f
pulse examination in, 142, 142f, 143f
thoracic outlet maneuvers in, 143, 144f
ulcers in, 144, 144f
varicose veins in, 145–146, 146f

of neck, 146–147, 146f
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Physical inactivity, and stroke risk, 351–352
Physiological testing, 148

for peripheral artery disease, 236, 237f
PICA (posterior inferior cerebellar artery), 

angiography of, 204–205, 208f
Picibanil, for lymphatic malformations, 806
Picotamide, for peripheral artery disease, 

247–248
Pimecrolimus, for vascular anomalies, 806
Pinacidil, pharmacology of, 88t
Pindolol (Visken), pharmacology of, 86t
Pioglitazone, for peripheral artery disease, 246
Pitch, for CT, 185
Pitting edema, 701
PIVOTAL (Positive Impact of Endovascular 

Options for Treating Aneurysms Early) trial, 
501–502

Pixels, 184
PKG (protein kinase G), in vascular smooth 

muscle contraction, 75, 76f
Plantar arch, angiography of, 202
Plasmapheresis

for Kawasaki disease, 552
for vasculitis, 518

Plasmin
in fibrinolysis, 72, 73f
formation of, 100

Plasminogen, in fibrinolysis, 72, 73f
Plasminogen activator(s), 100
Plasminogen activator inhibitor 1 (PAI-1), 72, 73, 

73f
Plasminogen activator inhibitor 2 (PAI-2), 72, 73f
Platelet(s)

in atherothrombotic vascular disease, 94, 95f
and extracellular matrix interaction, 64–66

Platelet activation
in arterial thrombosis, 134
endothelial function and, 70, 71f, 71t
and thrombosis, 94, 95f

Platelet adhesion, 98
Platelet factor 4 (PF4), in thrombosis, 136
Platelet function, integrin receptors in, 97–98
Platelet inhibitors, 94–98, 95f

cyclooxygenase inhibitors as, 95–96, 95f
GPIIb/IIIa antagonists as, 97–98
P2Y12 receptor-targeting, 96–97
platelet adhesion inhibitors as, 98

Platelet P2Y12 receptor antagonists
non-thienopyridine, 97
thienopyridine, 96

Platelet receptors, in arterial thrombosis, 134b
Platelet-derived growth factor (PDGF)

in cell signaling, 64
in phenotypic modulation of vascular smooth 

muscle cells, 26–27
in thrombosis, 136
in vascular smooth muscle cell migration, 37
in vascular wall morphogenesis, 10

Platelet–endothelial cell adhesion molecule 1 
(PECAM-1)

in adherens junctions, 16
in endothelial regulation of response to 

inflammatory and immune stimuli, 18
Plendil (felodipine)

pharmacology of, 88t
for Raynaud's phenomenon, 596

Plethysmography
for chronic venous insufficiency, 656, 657f
for venous reflux, 164

PMNs (polymorphonuclear leukocytes), in  
small-vessel vasculitis, 126–127, 129f

PMR (polymyalgia rheumatica)
clinical manifestations of, 528
diagnosis of, 530, 530t

Pneumocystis jiroveci pneumonia prophylaxis, 
with vasculitis, 518

PNH (paroxysmal nocturnal hemoglobinuria), 
pulmonary hypertension in, 694

Poiseuille law, 237, 238f
Polyangiitis

granulomatosis with, 511–512
clinical manifestations of, 509t, 511–512
gangrenous toe in, 511–512, 512f
pulmonary hemorrhage in, 511–512, 511f
renal biopsy in, 511–512, 511f
sinusitis in, 511–512, 511f

microscopic, 509t, 512
Polyarteritis nodosa (PAN), 511, 511f

clinical manifestations of, 509t
pathogenesis of, 129

Polychondritis, relapsing, 508–510
aortic aneurysm with, 465

Polymorphonuclear leukocytes (PMNs), in  
small-vessel vasculitis, 126–127, 129f

Polymyalgia rheumatica (PMR)
clinical manifestations of, 528
diagnosis of, 530, 530t

Polymyositis, Raynaud's phenomenon  
due to, 592

Popliteal artery
angiography of, 202, 204f
MR angiography of, 175f, 176, 177f

Popliteal artery aneurysm, CT angiography of, 
195, 195f

Popliteal artery disease, endovascular treatment 
of, 263–265

angioplasty and stent placement for, 263, 263f, 
264f, 264t

atherectomy with, 264–265
brachytherapy with, 264
covered stents for, 263
cryoplasty with, 265
cutting balloon for, 265
drug-eluting balloons and stents for, 263–264, 

264f
laser-assisted angioplasty with, 265

Popliteal artery entrapment syndrome, 765–766
CT angiography of, 196, 196f
diagnosis of, 765, 766f
history of, 140
MR angiography of, 176, 177f
outcomes of, 766
pathophysiology of, 765, 765b
presentation of, 765
treatment of, 766

Popliteal artery injuries, 750–751
Popliteal pulse, 142, 142f
Popliteal vein, 640f, 654f
Popliteal vein injuries, 751
Portal vein, suppurative thrombophlebitis 

of, 723
Portal vein injury, 749
Portopulmonary hypertension, 672
Port-wine stains, 781, 793–794, 794f

facial, 798
Positive Impact of Endovascular Options for 

Treating Aneurysms Early (PIVOTAL) trial, 
501–502

Positron emission tomography (PET)
of giant cell arteritis, 530
for vasculitis, 517

Postcontrast magnetic resonance angiography, 
167t

Posterior accessory great saphenous vein, 654f
Posterior cerebral artery (PCA), angiography 

of, 208f
Posterior inferior cerebellar artery (PICA), 

angiography of, 204–205, 208f
Posterior tibial (PT) artery, angiography of, 202, 

204f
Posterior tibial (PT) perforators, 640f, 652, 654f
Posterior tibial (PT) pulse, 142, 143f
Postoperative revascularization syndrome, 

335–336
Postprocessing techniques, for MR angiography, 

170–171, 170f, 170t

Postthrombotic syndrome, 625
Posttranscriptional regulation, of vascular 

smooth muscle cell diversity, 30–31, 30f
Posttranslational regulation, of vascular smooth 

muscle cell diversity, 31
Potassium (K+) channel(s)

in vascular pharmacology, 87–88
in vascular smooth muscle cell proliferation, 

36
Potassium (K+) channel biology, and pulmonary 

arterial hypertension, 675
Potassium intake, and stroke risk, 351
Potency, of drug, 75, 76f
Power Doppler, 152
Powerlink endograft, 496t, 497f
PPAR(s) (peroxisome proliferator-activated 

receptors), in vascular smooth muscle cell 
proliferation, 37

PPAR-γ (peroxisome proliferator-activated 
receptor γ), and pulmonary arterial 
hypertension, 673t, 674

PPHN (persistent pulmonary hypertension of 
the newborn), 673

PR3 (proteinase-3), in small-vessel vasculitis,  
126, 129f

Prasugrel, pharmacology of, 96–97
Prazosin hydrochloride (Minipress)

pharmacology of, 85t
for Raynaud's phenomenon, 596–597

Precession, 166
Prednisolone, for vascular anomalies, 802t
Prednisone, for giant cell arteritis, 531
Pregnancy

aortic dissection in, 423
with vascular anomalies, 804
venous thromboembolism in, 624

Pregnancy-related problems, with  
vasculitis, 518

PRELP,  60t
Prenatal diagnosis, of vascular anomalies, 797
Primary angiitis of the central nervous system 

(PACNS), 509t, 513, 514f
Prinivil (lisinopril), pharmacology of, 90t
Procardia. See Nifedipine (Adalat, Procardia).
Proepicardium, 8–9, 8f
Proliferation, as phenotype-specific vascular 

smooth muscle cell function, 35–37, 36f
Propionyl-l-carnitine, for peripheral artery 

disease, 252
Propranolol (Inderal)

for aortic dissection, 428t
for hemangiomas, 802t, 805, 806f
pharmacology of, 86, 86t

(pro)-renin receptor (PRR), 89
Prostacyclin (PGI2)

in hemostasis, 70
for peripheral artery disease, 251–252
and pulmonary arterial hypertension, 673–674, 

673t
for pulmonary arterial hypertension, 680
in regulation of vascular tone, 17, 17f

Prostacyclin (PGI2) analogs
for pulmonary arterial hypertension, 680
as therapeutic agents, 81

Prostaglandin(s)
for peripheral artery disease, 251–252
pharmacology of, 80–81, 80f
in renal artery disease, 291–292
in vasorelaxation, 35

Prostaglandin E1 (PGE1)
for erectile dysfunction, 345
for peripheral artery disease, 251–252
for Raynaud's phenomenon, 597

Prostaglandin E2 (PGE2), in aortic aneurysm, 
460

Prostanoids, pharmacology of, 80–81, 80f
Prosthetic bypass, for infrainguinal arterial 

occlusive disease, 280
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Prosthetic graft infections, 714–715
aortic, 715–718

with aortoenteric fistula, 719, 719f
bacteriology of, 719–720, 719t
classification of, 715–716
clinical presentation of, 716, 717f, 717t
diagnosis of, 716–718, 717f, 718f
diagnostic pitfalls with early, 718–719
etiology of, 716
incidence of, 715
treatment of, 720–721

peripheral, 721–722
risk factors and pathogenesis of, 714–715

Protein C
in coagulation cascade, 99
endothelial secretion of, 14

Protein kinase C–potentiated inhibitory protein 
of 17 kD (CPI-17), in vascular smooth 
muscle contraction, 75, 76f

Protein kinase G (PKG), in vascular smooth 
muscle contraction, 75, 76f

Protein S, 72
Proteinase-3 (PR3), in small-vessel vasculitis,  

126, 129f
Protein-losing enteropathy, 707
Proteoglycans (PGs), 58–62

biosynthesis of, 61–62
cell surface, 61
degradation of, 62
hyaluronan and lectin-binding, 59
modular, 59, 60t
non–hyaluronan-binding (basement 

membrane), 59–61, 60f, 60t
small leucine-rich, 60f, 60t, 61
structure of, 58–59, 59f
types of, 59, 60f, 60t
in vascular smooth muscle cell phenotypic 

modulation, 33
Proteolytic degradation, in aortic aneurysm, 

459–460
Proteus syndrome, 795t
Prothrombin time (PT), 70–71, 99
Prothrombinase complex, 99
Proton-density–weighted images, 166
Prox1, in lymphatic vessel development, 7
PRR ((pro)-renin receptor), 89
P-selectin

in atherogenesis, 115–116
in endothelial regulation of response to 

inflammatory and immune stimuli, 18
in thrombosis, 136

Pseudoaneurysm(s), 457
defined, 160, 739
due to peripheral vascular angiography, 208
due to trauma, 739

iatrogenic, 751
treatment options for, 751–752

ultrasound evaluation of, 160, 161f
ultrasound-guided compression of, 160–161

Pseudovasculitic syndrome, 576
PSV (peak systolic value), for renal artery 

stenosis, 299
Psychosocial factors, and peripheral artery 

disease, 218
Psychosocial issues, with vascular anomalies, 

804, 805t
PT (prothrombin time), 70–71, 99
PT (posterior tibial) artery, angiography of, 202, 

204f
PT (posterior tibial) perforators, 640f, 652, 654f
PT (posterior tibial) pulse, 142, 143f
PTA. See Percutaneous transluminal angioplasty 

(PTA).
PTEN (phosphatase and tensin homolog 

protein)-associated hamartoma syndromes, 
794–797

PTT (partial thromboplastin time), 72
Pudendal nerve, functional anatomy of, 343f

Pudendal vein, 654f
Pulmonary arterial hypertension (PAH), 667–686

classification of, 667, 668b
clinical pathophysiology of, 676
definition for, 667
diagnostic evaluation of, 676–678

cardiac catheterization in, 678
echocardiography in, 678
electrocardiogram in, 676
exercise testing in, 678
genetic testing in, 678
initial approach to, 676–678, 677f
laboratory studies in, 676
physical findings in, 676
pulmonary function tests in, 678
radiographic studies in, 676, 677f
symptoms in, 676

disease course, prognosis, and monitoring of, 
681

epidemiology of, 667
histopathology of, 667, 668f
molecular pathogenesis of, 667–676, 668f, 669f

acquired/exogenous factors in,  
670–673

chronic hypoxia as, 670–672
collagen vascular disease as, 672
hemoglobin disorders as, 672
human immunodeficiency virus as, 672
miscellaneous disorders as, 673
persistent pulmonary hypertension of the 

newborn as, 673
portopulmonary hypertension as, 672
shunt physiology as, 672–673

genetic association in, 668–670, 670f
additional genetic pathways in, 669–670
bone morphogenetic receptor-II in, 

668–669, 671f
"multiple-hit" hypothesis for, 683–684, 684f
pathogenic pathways in, 674–676

extracellular matrix biology as,  
675–676

inflammation as, 675
mitochondrial metabolism as, 674
potassium channel biology as, 675
rho kinase signaling as, 675
right ventricular dysfunction as, 675
tyrosine kinases as, 675

vascular effectors in, 673–674, 673t
adrenomedullin as, 674
endothelin-1 as, 673t, 674
miscellaneous, 674
natriuretic peptides as, 674
nitric oxide as, 673, 673t
peroxisome proliferator-activated 

receptor γ as, 673t, 674
prostacyclin/thromboxanes as, 673–674, 

673t
serotonin as, 673t
vasoactive intestinal peptide as, 673t, 674

pathobiology of, 667, 669f
refractory, 681–683

alternative nitric oxide–based therapy in, 
682–683

atrial septostomy in, 681
BMPR2-targeted therapies in, 683
combination therapy in, 681
endothelial progenitor cells in, 683
experimental therapies in, 682–683, 682t
lung transplantation in, 681–682
miscellaneous pathways in, 683
rho kinase inhibitors in, 683
serotonin and serotonin transporter 

inhibitors in, 683
tyrosine kinase inhibitors in, 683

screening for, 678
treatment of, 678–681, 679f

anticoagulation for, 679
associated with specific diseases, 681

Pulmonary arterial hypertension (PAH) 
( Continued)
calcium channel blockers for, 680
endothelin-1 receptor antagonists for, 680
general measures for, 679
initial screening for vasodilator reserve in, 

679–680
oxygen therapy for, 679
phosphodiesterase inhibitors for, 680
prostacyclin and prostacyclin analogs for, 

680
for refractory disease, 681–683

alternative nitric oxide–based therapy in, 
682–683

atrial septostomy in, 681
BMPR2-targeted therapies in, 683
combination therapy in, 681
endothelial progenitor cells in, 683
experimental therapies in, 682–683, 682t
lung transplantation in, 681–682
miscellaneous pathways in, 683
rho kinase inhibitors in, 683
serotonin and serotonin transporter 

inhibitors in, 683
tyrosine kinase inhibitors in, 683

for right heart failure, 679
Pulmonary artery(ies) (PAs)

anomalies of, 780–781
aortopulmonary communication as, 781
origin of right or left pulmonary artery from 

ascending aorta as, 780–781
arising from ascending aorta, 780–781
CT angiography of, 189–190, 189f
trauma to, 742

Pulmonary artery (PA) blood pressure, 690t
Pulmonary artery pressure (PAP), 667, 687
Pulmonary capillary wedge pressure (PCWP), 

687, 690t
Pulmonary edema

flash, 288, 296–297
renovascular hypertension and, 288

Pulmonary embolism (PE), 627–638
after abdominal aortic aneurysm repair, 489
acquired risk factors for, 627, 628b
with cancer, 627
clinical manifestations of, 619
diagnosis of, 630–632

clinical suspicion in, 630, 630b
overall strategy for, 632, 632f
tests for, 630–632

arterial blood gas analysis as, 630
chest radiography as, 630
contrast-enhanced chest CT for, 631, 631f
CT angiography as, 189–190, 189f
D-dimer as, 630, 630f
echocardiography as, 631–632
electrocardiography as, 630, 630b
gadolinium-enhanced MR angiography 

as, 631
pulmonary angiography for, 631
venous ultrasonography as, 631
ventilation/perfusion scan as, 630, 631t

epidemiology of, 619, 627–628, 628b
idiopathic (primary), 627
inherited hypercoagulable states associated 

with, 627, 628b
management of, 632–635

anticoagulation therapy for, 622–623, 
632–634

fondiparinux in, 633
low-molecular-weight heparin in, 633
new drugs in, 634
optimal duration and intensity of, 634
parenteral direct thrombin inhibitors in, 

633
unfractionated heparin as bridge to 

warfarin in, 632
warfarin in, 633–634
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Pulmonary embolism (PE) ( Continued)
cardiac biomarkers in, 632
catheter intervention for, 634, 634t
clinical evaluation in, 632
echocardiography in, 632, 633f
emotional support in, 635
overall strategy for, 635, 635f
reperfusion therapy for, 622
risk stratification for, 632
surgical embolectomy for, 635
thrombolytic therapy in, 634
vena cava interruption for, 635

nonthrombotic, 635–636
due to amniotic fluid embolism, 636
due to fat embolism syndrome as, 635
due to other embolic material, 636
due to venous air embolism, 636

pathobiology of, 619, 620f
pathophysiology of, 628
prevention of, 628–630, 629t
secondary, 627

Pulmonary Embolism International 
Thrombolysis Trial (PEITHO), 634

Pulmonary function tests (PFTs), for pulmonary 
arterial hypertension, 678

Pulmonary hemodynanamic measurements, 
690t

Pulmonary hypertension (PH)
arterial. See Pulmonary arterial hypertension 

(PAH).
cardiovascular diseases that predispose to, 

690t
chronic thromboembolic, 692–693

diagnosis and medical treatment of, 692, 693f
surgical treatment of, 692–693, 693t

classification of, 687, 688b
under conditions of hypoxemia, 691–692

due to chronic high-altitude exposure, 692
due to chronic obstructive pulmonary 

disease, 691
due to interstitial lung disease, 691
due to sleep apnea, 691–692

considerations for cardiac surgery, orthotopic 
heart transplantation, and heart-lung 
transplantation with, 690

definition of, 667, 687
diagnosis of, 687, 689f
epidemiology, 687
with hemoglobinopathies, 693–695, 694f
natural history of, 687
nomenclature for, 687
non-arterial, 687–696
other secondary causes of, 694–695
overview of, 687
persistent, of newborn, 673
and Raynaud's phenomenon, 594
and sickle cell disease, 693–694

decreased bioavailable nitric oxide in, 
693–694

hypercoagulable state in, 694
increased endothelin-1 synthesis in, 694

venous, 687–690
due to left-sided heart failure, 687–688

acute, 687–688, 690f
chronic nonvalvular, 688
diagnosis, treatment, and natural history 

of, 688, 690t, 691f
due to left-sided valvular disease, 688–690

Pulmonary thromboembolic disease, pulmonary 
hypertension due to, 692–693

diagnosis and medical treatment of, 692, 693f
surgical treatment of, 692–693, 693t

Pulmonary trunk, coronary arteries arising from, 
775

Pulmonary trunk anomalies, 780–781
aortopulmonary communication as, 781
origin of right or left pulmonary artery from 

ascending aorta as, 780–781

Pulmonary vascular resistance (PVR), 667, 687, 690t
Pulmonary vein(s), hypoplasia of, 774–775
Pulmonary vein stenosis, congenital, 774–775
Pulmonary venous connections, anomalous, 

771–773
embryology of, 771, 772f
partial, 771, 772–773, 774f
subtotal, 773
total, 771, 773f

Pulmonary venous hypertension, 687–690
due to left-sided heart failure, 687–688

acute, 687–688, 690f
chronic nonvalvular, 688
diagnosis, treatment, and natural history of, 

688, 690t, 691f
due to left-sided valvular disease, 688–690

Pulmonary vessels
MR angiography of, 172, 174f
trauma to, 742

Pulsatile pressure, 19f
Pulse examination, 142, 142f, 143f
Pulse palpation, for peripheral artery disease, 

233, 234f
Pulse repetition frequency, 152
Pulse volume recordings (PVR), 148–150

interpretation of, 148–149, 149f, 150f
Purinergic receptors, 96–97
Purinoreceptors, 96–97
Purpura, Henoch-Schönlein, 509t, 513
PVAs (perivascular adventitial adipocytes), in 

vasorelaxation, 35
PVR (pulmonary vascular resistance), 667, 687, 690t
PVR (pulse volume recordings), 148–150

interpretation of, 148–149, 149f, 150f
PWI (perfusion-weighted imaging), of acute 

ischemic stroke, 376–377, 376f
Pyelophlebitis, 723
Pyogenic granuloma, 792, 793f

Q

Quinapril (Accupril), pharmacology of, 90t

R

R (roentgen), in CT, 186
RA (right atrial) blood pressure, mean, 690t
RAAS. See Renin-angiotensin-aldosterone system 

(RAAS).
Race

and peripheral artery disease, 217–218
and stroke risk, 351

Racemose aneurysms, 782
Radial pulse, 142, 142f
Radiation absorbed dose (rad), in computed 

tomography, 186
Radiation exposure, with CT, 186–187
Radiofrequency ablation (RFA)

of perforators, 662
for varicose veins, 645t, 646–647, 647f

Radionuclide scanning, for aortic graft infection, 
717–718

RAGE (receptor for advanced glycation end 
products), and atherosclerosis, 115

Ramipril (Altace)
for peripheral artery disease, 244–245, 245f
pharmacology of, 90t

Ranolazine, for peripheral artery disease, 253
RANTES, in thrombosis, 136
Rapaflow (silodosin), pharmacology of, 85t
Rapamune, for vascular anomalies, 802t
Rapamycin, for vascular anomalies, 802t
Rapidly involuting congenital hemangiomas 

(RICH), 790, 792f

RAR (renal-to-aortic ratio), for renal artery 
stenosis, 299

RAS. See Renal artery stenosis (RAS).
Raynaud, Maurice, 587
Raynaud's phenomenon, 587–599

classification of, 587
color phases of, 587, 588f
diagnostic tests for, 594–595

angiography as, 595, 595f
digital pulse volume waveform as, 594, 595f
finger systolic pressure as, 594, 594f
nailfold capillary microscopy as, 594–595, 

595f
serological studies as, 594–595

historical background of, 587, 588f
history of, 140
pathophysiology of, 589–591, 589b, 590f

β-adrenergic blockade in, 591
decreased intravascular pressure in, 591
increased sympathetic nervous system 

activity in, 591
increased vasoconstrictive stimuli in, 590
local vascular hyperreactivity in, 590
vasoconstriction due to circulating vascular 

smooth muscle agonists in, 591
primary, 140, 587–589

clinical presentation of, 587, 589f
epidemiology of, 587
and other forms of vasospasm, 587–588
physical examination for, 588
precipitating factors for, 587
prognosis for, 588–589

and pulmonary arterial hypertension, 672
secondary, 140, 589b, 591–594

due to arterial occlusive disease, 592–593
due to blood dyscrasias, 593
due to collagen vascular diseases, 592

dermatomyositis and polymyositis as, 
592

mixed connective tissue disease as, 592
primary Sjögren's syndrome as, 592
rheumatoid arthritis as, 592
systemic lupus erythematosus as, 592
systemic sclerosis (scleroderma) as, 592

due to drugs and toxins, 594
miscellaneous causes of, 594
due to neurological disorders, 593
due to thoracic outlet syndrome, 593
due to trauma, 593–594

in thromboangiitis obliterans, 537
treatment of, 595–598, 596b

botulinum injection for, 598
conservative measures for, 596
pharmacologic, 596–597

calcium channel blockers in, 596
direct vascular smooth muscle relaxants 

in, 597
N-acetylcysteine in, 597
renin-angiotensin system inhibitors in, 

597
SSRIs in, 597
statins in, 597
sympathetic nervous system inhibitors in, 

596–597
sympathectomy for, 597–598

RB006, as anticoagulant, 106
RCVS (reversible cerebral vasoconstrictive 

syndromes), 513
Reactive nitrogen species (RNS), in 

vasocontraction, 35
Reactive oxygen species (ROS)

in inflammation, 38–39
in phenotypic modulation of vascular smooth 

muscle cells, 26–27
in small-vessel vasculitis, 126–127, 129f
in vasocontraction, 35

Receptor agonists, 75, 76f
Receptor antagonists, 75–76, 76f, 77f
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Receptor for advanced glycation end products 
(RAGE), and atherosclerosis, 115

Receptor tyrosine kinases (RTKs), in vascular 
smooth muscle cell proliferation, 35–36

Recombinant activated factor VII (rFVIIa), for 
intracerebral hemorrhage, 382

Recurrent bacterial lymphangitis, 700
Reduction procedures, for lymphedema, 705
Reflex sympathetic dystrophy (RSD)

Raynaud's phenomenon due to, 593
Regitine (phentolamine)

for erectile dysfunction, 345–346
pharmacology of, 85–86, 85t

Reiter syndrome, aortic aneurysm with, 465
Relapsing polychondritis, 508–510

aortic aneurysm with, 465
RELAX trial, 564–565
Relaxation time

T1, 166
T2, 166
T2*, 166

rem (roentgen equivalent man), in computed 
tomography, 186

Remodeling, matrix metalloproteinases and, 52t
Remodulin (treprostinil)

pharmacology of, 81
for pulmonary arterial hypertension, 680

Renal abnormalities, with renal artery stenosis, 
296, 297b

Renal angiography
selective, 201, 201f, 202f
at time of cardiac catheterization, 297–298, 

304
Renal artery(ies)

fibromuscular dysplasia of, 786
MR angiography of, 177–178

Renal artery aneurysm, CT angiography of, 193, 
194f

Renal artery disease
clinical evaluation of, 296–306
CT angiography of, 193, 194f
epidemiology of, 285
history of, 141
and mortality, 293
pathophysiology of, 285–295, 296

atherosclerosis in, 285, 296
cellular death and repair in, 293
glomerulosclerosis in, 293
oxidative stress in, 292
renal vascular hormonal systems in, 

289–292
tubular cells in, 293
tubulointerstitial injury in, 293

therapeutic options for, 307, 308t
Renal artery duplex ultrasonography, 157–158, 

158f, 159f
Renal artery infarction, CT angiography of, 193
Renal artery reimplantation, for atherosclerotic 

renal artery stenosis, 317
Renal artery revascularization

impact on cardiovascular outcome of, 313
impact on hypertension of, 312–313
impact on renal function of, 313, 313f
patient selection for, 311–312, 311t

with atherosclerotic disease and chronic 
kidney disease, 312, 312f

with isolated atherosclerotic disease, 311
with refractory hypertension, 311, 312f

types of, 312
Renal artery stenosis (RAS)

atherosclerotic, 296
with chronic kidney disease, 312, 312f
diagnosis of, 315–316
endovascular revascularization for

impact on hypertension of, 312–313
impact on renal function of, 313
patient selection for, 311–312, 312f
type of, 312

Renal artery stenosis (RAS) ( Continued)
evaluation of nephropathy with, 307–309
evaluation of renal perfusion with, 307
general considerations for treatment of, 

307–309
identification of renovascular syndromes 

with, 307
imaging of, 315

digital subtraction angiography for, 297f
intraoperative duplex ultrasonography 

for, 319
isolated, 311
management algorithm for, 307, 308f
management options for, 316–319, 316t
medical therapy for, 309–311
natural history studies of, 316, 316t
prevalence of, 298t, 315
surgical management of, 315–322

aortorenal bypass for, 317, 317f
duplex ultrasonography during, 319
ex vivo reconstruction for, 319, 319f
failed, 320
after failed percutaneous transluminal 

angioplasty, 321
general issues with, 316
operative techniques for, 317–319
preoperative preparation for, 316
renal artery reimplantation for, 317
results of, 319–320, 320f, 321f
splanchnorenal bypass for, 317–319
thromboendarterectomy for, 317, 318f

bilateral, 287, 290f
clinical clues that suggest the presence of, 296, 

297b
atherosclerosis in other vascular beds as, 

297–298, 297b, 298t
cardiac disease as, 296–297, 297b
hypertension as, 296, 297b
renal abnormalities as, 296, 297b

critical, 286–288, 287f, 288f
diagnosis of, 298–304, 299f, 307
endovascular revascularization for

impact on cardiovascular outcome of, 313
impact on hypertension of, 312–313
impact on renal function of, 313, 313f
patient selection for, 311–312, 311t

with atherosclerotic disease and chronic 
kidney disease, 312, 312f

with isolated atherosclerotic disease, 311
with refractory hypertension, 311, 312f

types of, 312
epidemiology of, 285
due to fibromuscular dysplasia, 296, 297f

CT angiography of, 193
endovascular revascularization for

patient selection for, 311–312
type of, 312

evaluation of renal perfusion with, 307, 309f
identification of renovascular syndromes 

with, 307
medical therapy for, 309–311

general considerations for treatment of, 
307–309

evaluation of nephropathy as, 307–309, 309t, 
310f

evaluation of renal perfusion as, 307, 308b, 
309f

identification of renovascular syndromes as, 
307, 308t

imaging of, 298–304
captopril scintigraphy for, 298
carbon dioxide angiography for, 304
catheter-based angiography for, 303–304
CT angiography for, 193, 303, 303f, 304t
digital subtraction angiography for, 297f, 

303–304
duplex ultrasonography for, 157–158, 158f, 

159f, 299–301

Renal artery stenosis (RAS) ( Continued)
acceleration index in, 299–300
acceleration time in, 299–300
anterior and oblique approach for, 299, 

300f
vs. arteriography, 300t
diagnostic criteria with, 299, 299t
peak systolic value in, 299
renal-to-aortic ratio in, 299
resistance index in, 299–300, 300f
after stent implantation, 300–301, 301f

MR angiography for, 177–178, 301–303, 301t, 
302f, 302t

at time of cardiac catheterization, 304
medical therapy for, 309–311
physical examination for, 298
with refractory hypertension, 311, 312f
subcritical, 286, 286f
therapeutic options for, 307, 308t
unilateral, 287, 289f

Renal artery stenting, computed tomographic 
angiography of, 193

Renal atheroembolic disease, 576–578
clinical presentation of, 577
defined, 576
differential diagnosis of, 577, 577b
epidemiology of, 577
etiology and pathogenesis of, 572, 577
laboratory testing for, 577–578
pathophysiology of, 577
prognosis and treatment of, 578

Renal atrophy, 287
and renal artery stenosis, 296

Renal failure, after abdominal aortic aneurysm 
repair, 488

Renal function, impact of renal revascularization 
on, 313, 313f

Renal function tests, in vasculitis, 515
Renal hypoperfusion, evaluation of, 307, 308b, 309f
Renal hypoperfusion injury, 285, 288

renal vasoactive hormonal systems in, 
289–292, 292f

vascular lesions that produce, 286b
Renal microvascular disease, 286
Renal parenchymal disease, evaluation of, 

307–309, 309t, 310f
Renal perfusion, evaluation of, 307, 308b, 309f
Renal resistive index (RRI), 307–309, 309t
Renal revascularization

impact on cardiovascular outcome of, 313
impact on hypertension of, 312–313
impact on renal function of, 313, 313f
patient selection for, 311–312, 311t

with atherosclerotic disease and chronic 
kidney disease, 312, 312f

with isolated atherosclerotic disease, 311
with refractory hypertension, 311, 312f

types of, 312
Renal stenting, 311–312, 311t
Renal transplantation, MR angiography for, 

178–179, 180f
Renal vasoactive hormonal systems, 289–292

angiotensin II in, 289–291, 291f
endothelins in, 291
nitric oxide in, 291
prostaglandins in, 291–292

Renal-to-aortic ratio (RAR), for renal artery 
stenosis, 299

Renin, in renin-angiotensin-aldosterone system, 
88–89, 88f

Renin-angiotensin system inhibitors, for 
Raynaud's phenomenon, 597

Renin-angiotensin-aldosterone system (RAAS), 
88–90

drugs that inhibit, 89–90, 90t
receptors and novel mediators of signaling 

in, 89
regulation of, 88–89, 88f
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Renovascular disease
azotemic, 285
oxidative stress in, 292
pathophysiological consequences of, 285–293
syndromes of, 285, 286f

Renovascular hypertension, 287–288
accelerated, 288, 296
angiotensin II in, 287, 291f
with bilateral renal artery stenosis, 287, 290f
with unilateral renal artery stenosis, 287, 289f
vascular lesions that produce, 286b

Renovascular injuries, 747–748
Renovascular syndromes, identification of, 307, 

308t
Reperfusion injury, 560–561, 740
Reperfusion syndrome, 561
Reperfusion therapy, for venous 

thromboembolism, 622
Repetition time (TR), 166
Replicative senescence, 39
Reserpine, pharmacology of, 84
Resistance index (RI), 299–300, 300f
Resistant hypertension, with renal artery stenosis, 

296
Resolution concept, in CT, 184
Rest pain, and lower-extremity ulceration, 732
Reteplase, for acute limb ischemia, 563t
Reticular veins, 639

management of, 650
Retinal infarction, due to carotid artery stenting, 

403
Retrograde ejaculation, after abdominal aortic 

aneurysm repair, 489
Retrograde flow, in vertebral artery, 154, 155f
Retroperitoneal bleeding, due to peripheral 

vascular angiography, 207–208
Retroperitoneal hematomas, 745
Revascularization

carotid artery. See Carotid artery stenting 
(CAS); Carotid endarterectomy (CEA).

extra-anatomical, for aortic graft  
infections, 720

extremity arterial ultrasound following, 
158–160, 160f

for Kawasaki disease, 552–553
laparoscopic, for aortoiliac occlusive disease, 

274–275
for mesenteric occlusive disease

history of, 333
indications for, 333
multiple-vessel, 333
single-vessel, 333, 334t

renal
impact on cardiovascular outcome of, 313
impact on hypertension of, 312–313
impact on renal function of, 313, 313f
patient selection for, 311–312, 311t

with atherosclerotic disease and chronic 
kidney disease, 312, 312f

with isolated atherosclerotic disease, 311
with refractory hypertension, 311, 312f

types of, 312
for thromboangiitis obliterans, 543

endovascular, 543
surgical, 543

Revascularization syndrome, postoperative, 
335–336

Revatio. See Sildenafil (Viagra, Revatio).
Reverberation artifact, on ultrasonography, 151
Reverse Bernheim effect, 676
Reverse flow, in vertebral artery, 154, 155f
Reversible cerebral vasoconstrictive syndromes 

(RCVS), 513
RFA (radiofrequency ablation)

of perforators, 662
for varicose veins, 645t, 646–647, 647f

rFVIIa (recombinant activated factor VII), for 
intracerebral hemorrhage, 382

Rheolytic thrombectomy, for acute limb 
ischemia, 565–566, 565f

Rheumatoid arthritis, Raynaud's phenomenon 
due to, 592

Rho, in vascular smooth muscle contraction, 75, 
76f

Rho kinase
in vascular smooth muscle contraction, 75, 

76f
in vasocontraction, 34f, 35

Rho kinase inhibitors, for pulmonary arterial 
hypertension, 683

Rho kinase signaling, and pulmonary arterial 
hypertension, 675

Rho-associated protein kinases (ROCKs), in 
vascular lumenization, 5

RI (resistance index), 299–300, 300f
RICH (rapidly involuting congenital 

hemangiomas), 790, 792f
Right aortic arch, 779

with retroesophageal component, 779
without retroesophageal component, 779, 

780f
Right atrial (RA) blood pressure, mean, 690t
Right coronary artery, anomalous, 775
Right heart failure, treatment of, for pulmonary 

arterial hypertension, 679
Right subclavian artery, left aortic arch with 

aberrant, 779, 780f
Right ventricular (RV) dysfunction, and 

pulmonary arterial hypertension, 675
Right ventricular hypertrophy (RVH), and 

pulmonary arterial hypertension, 675
Risk stratification, for pulmonary embolism, 632
Rituximab, for vasculitis, 518
Rivaroxaban

pharmacology of, 104
for venous thromboembolism, 623, 634

RNA aptamers, as anticoagulants, 106
RNS (reactive nitrogen species), in 

vasocontraction, 35
ROCKs (rho-associated protein kinases), in 

vascular lumenization, 5
Roentgen (R), in CT, 186
Roentgen equivalent man (rem), in computed 

tomography, 186
Rofecoxib, pharmacology of, 81
ROS. See Reactive oxygen species (ROS).
Rose questionnaire, on intermittent claudication, 

211
Rosiglitazone, for peripheral artery disease, 246
Rosuvastatin, for prevention of venous 

thromboembolism, 629
Rotarex device, for acute limb ischemia, 566
RRI (renal resistive index), 307–309, 309t
RSD (reflex sympathetic dystrophy)

Raynaud's phenomenon due to, 593
RTKs (receptor tyrosine kinases), in vascular 

smooth muscle cell proliferation, 35–36
Rubor, in Raynaud's phenomenon, 587, 588f
RUC-1, for prevention of arterial thrombosis, 135
Rutherford classification, of peripheral artery 

disease, 231, 232t, 234
and endovascular treatment, 260t

Rutosides, for varicose veins, 644
RV (right ventricular) dysfunction, and 

pulmonary arterial hypertension, 675
RVH (right ventricular hypertrophy), and 

pulmonary arterial hypertension, 675
Ryanodine receptors, in vasocontraction, 34–35

S

S phase, of cell cycle, 35, 36f
Sabin, Florence, 7
SAH. See Subarachnoid hemorrhage (SAH).

San Diego Claudication Questionnaire (SDCQ), 
211, 212t

Saphenofemoral junction (SFJ), anatomy of, 652
Saphenofemoral junction (SFJ) ligation, for 

varicose veins, 645t, 648
Saphenopopliteal bypass, for deep vein 

obstruction, 661–662
Saphenous compartment, of lower-extremity 

venous network, 639
Saphenous junction, 640f
Saphenous nerve, 654f
Saphenous vein, functional anatomy of, 343f
Saphenous vein grafts, nonreversed, for 

infrainguinal arterial occlusive disease, 280
Saphenous vein stripping

for chronic venous insufficiency, 660
for varicose veins, 645t, 648

SAPPHIRE (Stenting and Angioplasty with 
Protection in Patients at High Risk for 
Endarterectomy) trial, 405, 406, 410, 418

Sarcoma, Kaposi, 792–793
Sarcoplasmic reticulum Ca2+-ATPase (SERCA), in 

vasocontraction, 34–35
SB 249417, as factor IX inhibitor, 106
SCD (sickle cell disease)

pulmonary hypertension with, 693–695, 694f
and stroke risk, 355, 363

Schwann cells, erbB3 and, 5
Scimitar syndrome, 773, 781
Sclerodactyly, 592
Scleroderma

Raynaud's phenomenon due to, 592
vs. thromboangiitis obliterans, 538

Sclerotherapy
chemical

for telangiectasia/reticular veins, 650
for varicose veins, 644–645, 645t, 646f

for incompetent perforator veins, 649, 662
Screening

for aortic aneurysm, 473
for pulmonary arterial hypertension, 678

SDB (sleep-disordered breathing), and stroke 
risk, 355

SDCQ (San Diego Claudication Questionnaire), 
211, 212t

SE (spin echo) imaging, 166
Secondary heart field, 8f
Secondhand smoke, and stroke risk, 352
Sectral (acebutolol), pharmacology of, 86t
Segmental Doppler pressure measurement, 

148–150
interpretation of, 148, 149f
for peripheral artery disease, 236, 237f

Seizures, vs. stroke, 365t
sELAF (soluble elastin fragment), in aortic 

dissection, 425
Selectins, in endothelial regulation of response 

to inflammatory and immune stimuli, 18
Selective left common iliac angiography, 205f
Selective mesenteric angiography, 201, 202f
Selective renal angiography, 201, 201f, 202f
Selective serotonin reuptake inhibitors (SSRIs), 

for Raynaud's phenomenon, 597
Self-expanding nitinol stents, 399, 400
Self-expanding stents, for peripheral artery 

disease, 262
Semaphorins, 5
Semipermeable barrier, endothelium as, 14–16
Semmes-Weinstein monofilament, for diabetic 

neuropathy, 733f, 734
Senescence, of vascular smooth muscle cells, 39
Sentinel headache, 362–363
SEPS (subfascial endoscopic perforator 

surgery), for incompetent perforator veins, 
649, 660

Septic thrombophlebitis, of internal jugular vein, 
724

Septic thrombosis, of cavernous sinuses, 723–724
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Sequestration, of lung, 781
SERCA (sarcoplasmic reticulum Ca2+-ATPase), in 

vasocontraction, 34–35
Serglycin, 60f
Seronegative spondyloarthropathies, aortic 

aneurysm with, 465
Serotonin

in platelet activation, 94, 95f
and pulmonary arterial hypertension, 673t
and Raynaud's phenomenon, 591

Serotonin inhibitors, for refractory pulmonary 
arterial hypertension, 683

Serotonin transporter (SERT), in pulmonary 
arterial hypertension, 669–670

Serotonin transporter (SERT) inhibitors, for 
refractory pulmonary arterial hypertension, 
683

Serum response factor (SRF)
in regulation of vascular smooth muscle cell 

diversity, 28–29, 29f
in smooth muscle cell differentiation, 9

Sex
and atherosclerosis, 112
and stroke risk, 351

Sexual function, impaired, after abdominal aortic 
aneurysm repair, 489

SFA (superficial femoral artery), 200, 200f
SFA (superficial femoral artery) stent, 

ultrasonography of, 160f
SFJ (saphenofemoral junction), anatomy of, 652
SFJ (saphenofemoral junction) ligation, for 

varicose veins, 645t, 648
SFPV (superficial femoral-popliteal vein) grafts

for aortic graft infection, 721
for infected aortic aneurysm, 712

sGCase (soluble guanylyl cyclase)
unique modulators of, 78–79
in vascular smooth muscle contraction, 75, 

76f
Shaggy aorta syndrome, 581, 581f
Sharp reconstruction filters, for computed 

tomographic angiography, 185–186
Shear, in lower-extremity ulcer formation, 727
Shear forces, vascular trauma due to, 739
Shear stress, 19, 19f

and atherosclerosis, 117–118
Shh (sonic hedgehog), 2

in adventitial cells, 11
Shock, hemorrhagic, 739, 740t
SHP2 (Src homology 2–containing protein 

tyrosine phosphatase 2), in vascular smooth 
muscle cell proliferation, 35–36

Shunt physiology, and pulmonary arterial 
hypertension, 672–673

Sibutramine, pharmacology of, 84
Sickle cell disease (SCD)

pulmonary hypertension with, 693–695, 694f
and stroke risk, 355, 363

Sievert (Sv), in computed tomography, 186
Sildenafil (Viagra, Revatio)

for erectile dysfunction, 345
pharmacology of, 79–80, 79t
for pulmonary arterial hypertension, 680
for Raynaud's phenomenon, 597

Silodosin (Rapaflow), pharmacology of, 85t
Simvastatin, for peripheral artery disease, 243, 253
Sinography, for aortic graft infection, 718
Sinusoids, 341, 342f
SIP1 (sphingosine 1-phosphate), in endothelial 

permeability, 16
SIP1 (sphingosine 1-phosphate 1) receptor, in 

vascular smooth muscle cell phenotypic 
modulation, 31–32

SIPS (stress-induced premature senescence), 39
Sirolimus, for vascular anomalies, 802t
Sitaxentan (Thelin)

pharmacology of, 91t
for pulmonary arterial hypertension, 680

Sjögren syndrome
and pulmonary arterial hypertension, 672
Raynaud's phenomenon due to, 592

Skeletal muscle, in peripheral artery disease
alterations in metabolism of, 228
alterations in structure and function of, 227–228

Skeletal muscle oxygen consumption, 223–224
Skin atheroembolism, 576
Skin biopsy, for erythromelalgia, 609
Skin examination, for peripheral artery disease, 

233–234, 234f
SLE (systemic lupus erythematosus)

and pulmonary arterial hypertension, 672
Raynaud's phenomenon due to, 592

Sleep apnea, obstructive, pulmonary 
hypertension due to, 691–692

Sleep-disordered breathing (SDB), and stroke 
risk, 355

Slice increment, for CT angiography, 186
Slice width, for CT angiography, 186
Slice-selection gradients, 166
Slow-flow malformations, 781–782

capillary, 781–782, 782f
venous, 782

SLRPs (small leucine-rich proteoglycans), 60f, 
60t, 61

SM22α, in smooth muscle cell differentiation, 9
SMA. See Superior mesenteric artery (SMA).
αSMA

in patterning of developing vascular smooth 
muscle cell layers, 9

in smooth muscle cell differentiation, 9
Small aorta syndrome, 268, 269f
Small leucine-rich proteoglycans (SLRPs), 60f, 

60t, 61
Small saphenous vein (SSV), anatomy of, 639, 

640f, 652, 654f
SMCs. See Smooth muscle cells (SMCs).
Smoking

and atherosclerosis, 112
and critical limb ischemia, 232–233
and peripheral artery disease, 214–215, 215t
and stroke risk, 352–353
and thromboangiitis obliterans, 533–534

Smoking cessation
for peripheral artery disease, 242–243
for thromboangiitis obliterans, 541–542, 542b

Smooth muscle cells (SMCs)
differentiation of, 9
origins of, 8–9, 8f
patterning of developing layers of, 9–10
vascular. See Vascular smooth muscle cells 

(VSMCs).
Smoothelin, in smooth muscle cell 

differentiation, 9
SMV (superior mesenteric vein) injury,  747
S-nitrosothiols (SNOs), 16–17

pharmacology of, 78
Sodium intake, and stroke risk, 351
Sodium nitroprusside

for aortic dissection, 428–429
pharmacology of, 77–78, 77f

Soft reconstruction filters, for computed 
tomographic angiography, 185–186

Soluble elastin fragment (sELAF), in aortic 
dissection, 425

Soluble guanylyl cyclase (sGCase)
unique modulators of, 78–79
in vascular smooth muscle contraction, 75, 

76f
Somatosensory evoked potentials (SSEPs), for 

thoracic outlet syndrome, 759
Somites, 8, 8f
Sonic hedgehog (Shh), 2

in adventitial cells, 11
Sonography. See Ultrasonography.
Sorafenib, for pulmonary arterial hypertension, 

683

Sotalol (Betapace), pharmacology of, 86t, 87
Sox18, in lymphatic vessel development, 7
SPACE (Stent-Protected Angioplasty versus 

Carotid Endarterectomy) trial, 407, 418
Specialized stroke care units, 375
Spectral broadening, 151, 152f
Spectral Doppler waveform analysis, 151

of arterial stenosis, 152
of arteriovenous fistulae, 161–162, 161f
of carotid arteries

with absent diastolic flow in common 
carotid artery, 154, 154f

with intermittent tapping of temporal artery, 
153, 153f

with internal carotid artery stenosis, 153, 
154f, 154t

Spectral Doppler waveform analysis
high- and low-resistance waveforms in, 151, 

151f
insonation angle in, 151, 151f
spectral broadening in, 151, 152f
of vertebral artery, 154, 155f

Sphingosine 1-phosphate (SIP1), in endothelial 
permeability, 16

Sphingosine 1-phosphate receptor 1 (SIP1), in 
vascular smooth muscle cell phenotypic 
modulation, 31–32

Sphygmomanometric cuffs, 148
Spider veins, 145, 639

management of, 650
Spin echo (SE) imaging, 166
Spinal cord stimulation, for thromboangiitis 

obliterans, 542
Spiral CT, for endovascular aneurysm repair, 

493–494
Spiral/helical mode, for CT, 185
Spironolactone (Aldactone), pharmacology of, 

90, 90t
Splanchnic arterial stenosis, 330–332, 331f, 332f
Splanchnic mesoderm, 8f
Splanchnorenal bypass, for atherosclerotic renal 

artery stenosis, 317–319
Splenic artery, ultrasound of, 156, 156f
Spondylitis, ankylosing, aortic aneurysm with, 

465
Spondyloarthropathies, seronegative, aortic 

aneurysm with, 465
Sprouting angiogenesis, 2

endothelial tip and stalk cell specification in, 
2–4, 3f

Squared toe sign, 146f
Src homology 2–containing protein tyrosine 

phosphatase 2 (SHP2), in vascular smooth 
muscle cell proliferation, 35–36

SRF (serum response factor)
in regulation of vascular smooth muscle cell 

diversity, 28–29, 29f
in smooth muscle cell differentiation, 9

SSEPs (somatosensory evoked potentials), for 
thoracic outlet syndrome, 759

SSFP (steady-state free precession), 166
SSRIs (selective serotonin reuptake inhibitors), 

for Raynaud's phenomenon, 597
SSV (small saphenous vein), anatomy of, 639, 

640f, 652, 654f
Stab phlebectomy, for varicose veins, 648
Standard stent risk, for carotid artery stenting, 

389b, 390–392
Starling, Ernest, 698–699
Stasis dermatitis, 732, 735
Statins

for peripheral artery disease, 243–244, 253–254, 
254f

for prevention of atheroembolism, 583
for prevention of venous thromboembolism, 

629
for Raynaud's phenomenon, 597

Steady-state free precession (SSFP), 166
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Stem cell(s), 8f
for vascular smooth muscle cells, 39–40

Stem cell markers, in adventitial cells, 11
Stem cell therapy, for peripheral artery disease, 

253
Stemmer sign, 146, 701
Stent(s)

aortic, for aortic dissection, 450–454
with aortic rupture, 448f, 452f, 453–454, 453f
with branch vessel involvement, 451–453
for complicated type B dissection, 451, 452f
other indications for, 454
for uncomplicated type B dissection, 451, 451f

aortoiliac, CT angiography of, 191–192, 192f, 
193f

balloon expandable, for peripheral artery 
disease, 262

carotid artery. See Carotid artery stenting (CAS).
covered, for femoral-popliteal artery disease, 

263
drug-eluting, for femoral-popliteal artery 

disease, 263–264, 264f
for femoral-popliteal artery disease, 263, 263f, 

264f, 264t
for mesenteric occlusive disease, 336–337, 336f
for peripheral artery disease, 262
self-expanding, for peripheral artery disease, 

262
tibioperoneal, 265, 266f

Stent grafts, in descending thoracic aorta, in 
acute proximal aortic dissection repair, 438

Stenting and Angioplasty with Protection in 
Patients at High Risk for Endarterectomy 
(SAPPHIRE) trial, 405, 406, 410, 418

Stent-Protected Angioplasty versus Carotid 
Endarterectomy (SPACE) trial, 407, 418

Steroids
for hemangiomas, 802t, 805, 806f
intralymphatic injections of, for lymphedema, 

704
for Kawasaki disease, 552

STILE (Surgery versus Thrombolysis for Ischemia 
of the Lower Extremity), 562, 564

Strain gauge plethysmography, of varicose veins, 
642

Streptokinase, 73
for acute limb ischemia, 563, 564

Stress testing, for Kawasaki disease, 550
Stress-induced premature senescence (SIPS), 39
String sign, and carotid artery stenting, 392, 392f
Stroke

acute treatment of, 356–357
due to atheroembolism, 572, 582
carotid artery stenting and, 402, 408–409
clinical assessment tools for

brain imaging as, 366–368
CT for, 366, 366f, 367f
MRI for, 366–367, 367f, 368f

history and physical examination as, 
365–366, 366t

laboratory tests as, 369–370, 370t
vascular imaging as, 368–369, 368f, 369f, 369t

clinical manifestations of, 361–365
epidemiology of, 349–360

cost in, 349
overview of, 349
regional patterns in, 349–350, 350f
stroke burden in, 349

hemorrhagic
evaluation of, 361
due to intracerebral hemorrhage, 364, 364t
overview of, 361
sentinel headache prior to, 362–363
due to subarachnoid hemorrhage, 365, 365t

ischemic
device recanalization for, 375
diffusion- or perfusion-weighted MRI of, 

376–377, 376f

Stroke ( Continued)
ischemic penumbra over time in, 372, 373b
medical treatment of, 372–385

anticoagulation and antiplatelet therapy 
in, 379–380

blood pressure management in, 378, 379t
cardiac monitoring in, 378
for fever, 378
general, 377–379
hemodilution in, 380
for hypoglycemia and hyperglycemia, 

377–378
hypothermia in, 378
intra-arterial tissue plasminogen activator 

for, 374–375
intra-arterial urokinase for, 375
intravenous fluid therapy in, 378
intravenous tissue plasminogen activator 

for, 374, 374b
neuroprotective drugs in, 375–376, 375b, 

376b
overview of, 361
pathogenesis of, 372, 373f, 415
perfusion CT of, 376–377, 377f
prehospital and emergency department 

management of, 372–374
chain of survival in, 372, 373t
evaluation time benchmarks for, 372, 373t
general care in, 372, 374t
guidelines for, 372, 373t
immediate diagnostic test in, 372–373, 374b
ventilatory support in, 373–374

prevention of
primary, 381–383
secondary, 380–381

specialized stroke care units for, 375
syndromes of, 362t, 363
transient ischemic attacks and, 349, 361–363

secondary prevention for, 380–381
in young adults, 363

lacunar, 362t
mimics of, 365, 365t
overview of, 361
related to systemic disease, 363–364
risk factors for, 350–353, 350b

alcohol consumption as, 353
blood homocysteine levels as, 356
demographic, 350–351

age as, 350–351
race/ethnicity as, 351
sex as, 351

environmental, 352–353
cigarette smoking as, 352–353

fibrinogen, clotting factors, and 
inflammation as, 355–356

lifestyle, 351–352
diet/nutrition as, 351
overweight/obesity as, 352
physical inactivity as, 351–352

medically treatable, 353–355
atrial fibrillation as, 354–355
diabetes as, 354
hypertension as, 353
lipids as, 353–354
sickle cell disease as, 355
sleep-disordered breathing as, 355

migraine as, 356
in young adults, 363

warning signs of, 356–357
in young adults, 363

"Stroke Belt", 349
Stromelysins, 50–52, 51t
Sturge-Weber syndrome, 794, 794f, 798–799
Subarachnoid hemorrhage (SAH), 361

clinical manifestations of, 365
imaging of, 366
location and symptoms of, 365t
sentinel headache before, 362–363

Subclavian artery, 756f
angiography of, 205f

selective, 204, 207f
vertebral, 204, 207f

ultrasound of, 154
Subclavian artery occlusion, MR angiography 

of, 173f
Subclavian steal syndrome, 154, 155f

MR angiography of, 173f
Subclavian vein, 756f

duplex ultrasound of, 162
thrombotic occlusion of, MR venography of, 

181, 181f
Subclavian vessel injury, 750
Subdural hematoma, vs. stroke, 365t
Subendothelial connective tissues, 43–69

collagens in, 44–50
extracellular maturation of, 50
fibril-associated with interrupted triple 

helices, 46–47, 46f
fibrillar, 44, 47f
network-forming, 44–46, 46f, 48f, 50f
regulation of biosynthesis of, 48–50
turnover of, 50
types of, 44, 45t, 46f
with unique structures, 46f, 47

elastin in, 52–55
cross-links in, 53, 53f
domain organization of, 52, 53f
metabolism of, and vascular homeostasis, 

54–55
fibrillins and other microfibril-associated 

proteins in, 54f, 55
fibronectin in, 55–57

functional domains of, 56–57
cell-binding, 56
collagen-binding, 56
fibrin-binding, 57
heparin-binding, 57

structure of, 55–56, 56f
laminin in, 57–58, 57f, 58f
metalloproteinases in, 50–52

domain structure of, 49f, 50
in neovasculogenesis and angiogenesis, 

52, 52t
regulation of, 52
types of, 50–52, 51t
in vascular pathologies, 52t

perspectives on, 66–67
proteoglycans in, 58–62

biosynthesis of, 61–62
cell surface, 61
degradation of, 62
hyaluronan and lectin-binding, 59
modular, 59
non–hyaluronan-binding (basement 

membrane), 59–61
small leucine-rich, 61
structure of, 58–59, 59f
types of, 59, 60f, 60t

as regulator of cell signaling, 62–66, 63f,  
64f, 65f

varieties of blood vessels and, 43
vascular morphogenesis and, 43

Subfascial endoscopic perforator surgery (SEPS), 
for incompetent perforator veins, 649, 660

Subglottic hemangioma, 798, 801t
Subtotal anomalous pulmonary venous 

connection, 773
Subtunical plexus, functional anatomy of, 343f
Suction embolectomy, for acute limb ischemia, 

566, 566f, 567f
Sular (nisoldipine)

for peripheral artery disease, 244, 244f
pharmacology of, 87–88, 88t

Sulfinpyrazone, pharmacology of, 96
Sulfonylureas, for peripheral artery disease, 246
Superficial circumflex iliac vein, 654f

846



847
IN

D
EX

Superficial compartment, of lower-extremity 
venous network, 639, 652

Superficial dorsal vein, functional anatomy of, 
343f

Superficial epigastric vein, 654f
Superficial erosion, of endothelial monolayer, 

118f, 119
Superficial femoral artery (SFA), 200, 200f
Superficial femoral artery (SFA) stent, 

ultrasonography of, 160f
Superficial femoral vein, anatomy of, 652
Superficial femoral-popliteal vein (SFPV) grafts

for aortic graft infection, 721
for infected aortic aneurysm, 712

Superficial peroneal nerve, 654f
Superficial thrombophlebitis, 624

history of, 141
in thromboangiitis obliterans, 538

Superficial vein(s), of lower limbs, 639, 652
Superficial vein incompetence

endovenous treatment of, 662
surgical treatment of, 660

Superior mesenteric artery (SMA)
angiography of, 201f

selective, 201, 202f
revascularization of, 333, 334t
ultrasound of, 156, 156f, 157f

Superior mesenteric artery (SMA) aneurysms, 
infected, 713, 713f

Superior mesenteric artery (SMA) bypass, 
334–336

antegrade, 334, 335f
postoperative care after, 335–336
postoperative monitoring of graft patency after, 

334–335, 335f, 336f
retrograde, 334, 334f, 335f

Superior mesenteric artery (SMA) embolism, 323
imaging of, 328, 329f
operative embolectomy for, 328

Superior mesenteric artery (SMA) injury, 747, 747t
Superior mesenteric artery (SMA) stenosis

mesenteric angiography of, 329, 330f
MR angiography of, 178, 179f

Superior mesenteric artery (SMA) thrombosis, 323
Superior mesenteric vein (SMV) injury, 747
Superior vena cava, trauma to, 742
Superoxide anion, in small-vessel vasculitis, 

126–127, 129f
Superoxide dismutase, and atherosclerosis, 

117–118
Supportive care, for thromboangiitis obliterans, 

544
Suppurative thrombophlebitis, 722–723

central vein, 723
due to intravenous line sepsis, 723

pelvic, 723
peripheral vein, 722–723
of portal vein, 723

Supracommissural anastomosis, with aortic valve 
repair, for acute proximal aortic dissection, 
438–439, 439f

Supvavalvular aortic stenosis (SVAS), elastin 
gene mutations in, 54

Sural nerve, 654f
Surface transcutaneous laser therapy, for 

telangiectasia/reticular veins, 650
Surgery versus Thrombolysis for Ischemia of the 

Lower Extremity (STILE), 562, 564
Surgical embolectomy, for pulmonary embolism, 

635
Surgical revascularization, for thromboangiitis 

obliterans, 543
Survivin, in regulation of cell cycle, 35
Susceptibility artifacts, in magnetic resonance 

angiography, 169
Sv (sievert), in computed tomography, 186
SVAS (supvavalvular aortic stenosis), elastin 

gene mutations in, 54

Sympathectomy, for Raynaud's phenomenon, 
597–598

Sympathetic blockade, for thromboangiitis 
obliterans, 542

Sympathetic nervous system, 81–87, 82f
Sympathetic nervous system activity, increased, 

in Raynaud's phenomenon, 591
Sympathetic nervous system inhibitors, for 

Raynaud's phenomenon, 596–597
Sympathetic neurons, vascular induction of, 7
Syndecans, 60f, 61

in vascular smooth muscle cell phenotypic 
modulation, 32

Syndromic vascular anomalies, 794–797, 795t
blue rubber bleb nevus syndrome as, 794, 797f
Klippel-Trénaunay syndrome as, 794, 796f, 797f
PTEN-associated hamartoma syndromes as, 

794–797
Sturge-Weber syndrome as, 794

Syphilitic aneurysms, 466, 466f
Systemic disease, strokes related to, 363–364
Systemic hypertension, and pulmonary 

hypertension, 690t
Systemic lupus erythematosus (SLE)

and pulmonary arterial hypertension, 672
Raynaud's phenomenon due to, 592

Systemic sclerosis, Raynaud's phenomenon due 
to, 592

Systemic venous connections, anomalous, 775
Systemic-to-pulmonary shunts, and pulmonary 

arterial hypertension, 672
Systolic blood pressure, and atherosclerosis, 113f

T

T lymphocytes
in atherogenesis, 116
in medium- and large-sized artery vasculitis, 

130, 130f
in small-vessel vasculitis, 127–128

T1 relaxation time, 166
T1-weighted images, 166
T2 relaxation time, 166
T2* relaxation time, 166
T2-weighted images, 166
TAA(s). See Thoracic artery aneurysms (TAAs).
TAAAs. See Thoracoabdominal aortic aneurysms 

(TAAAs).
Tacrolimus, for vascular anomalies, 806
Tadalafil (Cialis)

for erectile dysfunction, 345
pharmacology of, 79–80, 79t
for pulmonary arterial hypertension, 680

TAFI (thrombin-activable fibrinolysis inhibitor), 
73, 99, 100

Takayasu's arteritis, 508, 520–524
aortic aneurysm with, 465
classification of, 520, 522f
clinical manifestations of, 509t, 520

coronary arteritis as, 520
hypertension as, 520, 522f
upper-extremity claudication as, 520, 521f, 

522f
CT angiography of, 192, 196
diagnosis of, 521–523
differential diagnosis of, 520–521, 523b
epidemiology of, 520
history of, 140
MR angiography of, 179–180, 179f, 180f, 238f
pathogenesis of, 129, 520, 521f
treatment of, 523–524, 523f, 524f

Talent endograft, 496t, 497f
TAO. See Thromboangiitis obliterans (TAO).
TAPVC (total anomalous pulmonary venous 

connection), 771, 773f
TBI (toe brachial index), 148

TE (echo time), 166
TEE. See Transesophageal echocardiography 

(TEE).
Tekturna (aliskiren), pharmacology of, 89, 90t
Tela subcutanea, 639
Telangiectasia(s), 639, 781–782

cutaneous, 781
generalized essential, 782
hereditary hemorrhagic, 783, 795t
management of, 650

Telangiectasia syndrome, 781–782
Telescoping approach, for carotid sheath 

placement, 397–398, 397f
Telmisartan (Micardis)

for peripheral artery disease, 245
pharmacology of, 90t

Telomerase, in vascular smooth muscle cell 
proliferation, 35

Telopeptides, 44
Temporal arteritis. See Giant cell arteritis  

(GCA).
Temporal artery biopsy, for giant cell arteritis, 517, 

526f, 529
Tenecteplase (TNK-rtPA), for acute limb 

ischemia, 563t, 564
Tenex (guanfacine), pharmacology of, 85t
Tenormin (atenolol), pharmacology of, 86, 86t
Terazosin, pharmacology of, 85t
Terguride, for refractory pulmonary arterial 

hypertension, 683
Tessari method, for varicose veins, 644
Teveten (eprosartan), pharmacology of, 90t
TF(s) (transcription factors)

in regulation of cell cycle, 35
in regulation of vascular smooth muscle cell 

diversity, 28, 29f
TFPI (tissue factor pathway inhibitor), 72, 99

endothelial secretion of, 14
TGF-β. See Transforming growth factor β  

(TGF-β).
Thalidomide, for vascular anomalies, 802t
Thelin (sitaxentan)

pharmacology of, 91t
for pulmonary arterial hypertension, 680

Thiazolidinediones, for peripheral artery disease, 
246

Thick data set, for CT angiography, 186
Thienopyridine derivatives, for prevention of 

arterial thrombosis, 135
Thienopyridine inhibitors, 96–97
Thienopyridine platelet P2Y12 receptor 

antagonists, 96
Thin data set, for CT angiography, 186
Thoracic aorta

congenital anomalies of, CT angiography of, 
191

MR angiography of, 171–172, 171f
multidetector CT angiography of, 190–191

clinical applications of, 190–191, 191f
technical considerations in, 190

traumatic injury of, 741–742, 741f, 742f
Thoracic aorta–to–femoral artery bypass, for 

aortoiliac occlusive disease, 274
Thoracic aortic aneurysms (TAAs), 463–464

clinical history of, 471
etiology and pathophysiology of, 463
imaging of

chest roentgenography for, 473, 474f
CT angiography for, 191, 475, 476f
MR angiography for, 171, 475–477
ultrasound for, 474–475

natural history and prognosis for, 463–464
prevalence of, 463
screening and surveillance for, 473

Thoracic aortic coarctation, MR angiography of, 
172, 173f

Thoracic aortic dissection, MR angiography of, 
171, 172f
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Thoracic aortography, 202–204, 205f, 206f
Thoracic box, trauma to, 741–742
Thoracic duct, 698
Thoracic outlet, anatomy of, 755, 756f
Thoracic outlet maneuvers, 143, 144f
Thoracic outlet syndrome (TOS), 755–763

anatomy of thoracic outlet and, 755, 756f
arterial

diagnosis of, 759, 760f
presentation of, 757
treatment of, 762–763

diagnosis of, 757–759
history and physical examination in, 

757–758
objective testing in, 758–759

MR angiography of, 172, 174f
neurogenic, 756–757
outcomes for, 763
pathophysiology of, 755–756, 756f
presentation of, 756–757
Raynaud's phenomenon due to, 593
treatment of, 760–763

surgical, 760–762, 761f
venous

diagnosis of, 759, 760f
presentation of, 757
treatment of, 762

Thoracic vascular injury, 741–742
to pulmonary vessels, 742
to thoracic aorta, 741–742, 741f, 742f

endovascular approach for, 742
open surgical approach for, 741

to thoracic venae cavae, 742
to thoracic/cardiac box, 741–742

Thoracic venae cavae, trauma to, 742
Thoracoabdominal aortic aneurysms (TAAAs), 

463–464
clinical history of, 471
endovascular treatment of, 502, 502f
etiology and pathophysiology of, 463
natural history and prognosis for, 463–464
prevalence of, 463
surgical repair of, 442–444

indications for, 441, 441f, 442f
operative techniques for, 442–443, 443f
organ protection during, 443, 444b
outcomes of, 444
preoperative assessment for, 441

Thorax, CT angiography of, 189–191
pulmonary arteries in, 189–190, 189f
thoracic aorta in, 190–191, 191f

Thrill, with hemangioma, 801t
Thrombasthenia, Glanzmann, 70
Thrombectomy devices, for acute limb ischemia, 

565–566, 565f
Thrombin

in hemostasis, 70, 71, 72
in platelet activation, 94–95

Thrombin inhibitors, 100–106
direct, 102

for acute ischemic stroke, 379
oral, 103–104

dabigatran etexilate as, 103–104
ximelagatran as, 103

parenteral, 102–103
argatroban as, 103
bivalirudin as, 103
hirudins as, 102–103

indirect, 100–102
fondiparinux as, 101f, 102
heparin as

low-molecular-weight, 101–102, 101f
unfractionated, 100–101, 101f

Thrombin injection, for iatrogenic false 
aneurysm, 752

Thrombin-activable fibrinolysis inhibitor (TAFI), 
73, 99, 100

Thrombin-thrombomodulin complex, 100

Thromboangiitis obliterans (TAO), 533–546
clinical presentation of, 536–538, 537t

arterial occlusive disease in, 537, 537f
neurological findings in, 538
Raynaud phenomenon in, 537
superficial thrombophlebitis in, 538
unusual, 538

defined, 533
diagnosis of, 538–541, 539f

biopsy in, 541
diagnostic criteria in, 539–540, 540b
history in, 140
imaging in, 540, 540f, 541f

catheter-based angiography for, 540, 540f, 
541f

CT angiography for, 196, 540
laboratory evaluation in, 540
physical examination in, 538–539, 539f

differential diagnosis of, 538, 538b
epidemiology of, 533
etiology and pathogenesis of, 533–535

endothelial dysfunction in, 535
genetic predisposition in, 534
hypercoagulable states in, 534
immunological mechanisms in, 534
infection in, 535
tobacco in, 533–534

future perspectives on, 544
historical background of, 533
management of, 541–544, 541b

algorithm for, 544, 544f
intermittent pneumatic compression for, 

543
local wound care for, 543–544
periarterial sympathectomy and 

sympathetic blockade for, 542
revascularization for, 543

endovascular, 543
surgical, 543

spinal cord stimulation for, 542
supportive care for, 544
therapeutic angiogenesis and cell-based 

therapy for, 543
tobacco cessation for, 541–542, 542b
unproven therapies for, 544
vasodilators for, 542

pathology of, 535–536, 535f
acute phase in, 535f, 536, 536f
additional histopathological features in, 

536
chronic (end-stage) phase in, 535f, 536
immunohistochemical features in, 536
subacute (intermediate) phase in, 535f, 536

prognosis for, 541
Raynaud's phenomenon due to, 593

Thrombocytopenia, heparin-induced, 101
Thromboembolism, venous. See Venous 

thromboembolism (VTE).
Thromboendarterectomy, for atherosclerotic 

renal artery stenosis, 317, 318f
Thrombolytic therapy

for acute limb ischemia, 563–565, 563t
and atheroembolism, 575–576
for Kawasaki disease, 552
for pulmonary embolism, 634
ultrasound-assisted, for acute limb ischemia, 

566–567
Thrombomodulin, endothelial secretion of, 14
Thrombophilia, and venous thromboembolism, 

627–628, 628f
Thrombophilia testing, for deep vein thrombosis, 

622
Thrombophilic abnormalities, in critical limb 

ischemia, 226
Thrombophlebitis

superficial, 624
history of, 141
in thromboangiitis obliterans, 538

Thrombophlebitis ( Continued)
suppurative, 722–723

central vein, 723
due to intravenous line sepsis, 723

pelvic, 723
peripheral vein, 722–723
of portal vein, 723

Thromboresistant surface, endothelium in 
maintenance of, 14

Thrombosis, 133–137
acute limb ischemia due to

of lower extremity, 558–559, 560f
of upper limb, 558

arterial, 134–136, 134b
drugs that modulate, 135–136

in atherothrombotic vascular disease, 94, 95f
endothelial dysfunction and, 20–21
epidemiology of, 133
false lumen, 421
inflammation and, 136
overview of, 133, 133f
pathogenesis of, 133
platelet activation and, 94, 95f
venous, 133–134

Thrombosis or Peripheral Arterial Surgery 
(TOPAS) trial, 558–559, 564

Thrombosis threshold, 619, 620f
Thrombotic complications, of atherosclerosis, 

pathophysiology of, 118–119, 118f, 119f
Thromboxane(s), and pulmonary arterial 

hypertension, 673–674, 673t
Thromboxane A2 (TxA2), in platelet activation, 

94, 95f
Thromboxane agonists and antagonists, 

pharmacology of, 80–81, 80f
Thromboxane synthetase inhibitor, and  

Raynaud's phenomenon, 591
Thrombus, and carotid artery stenting, 392, 393f
Thrombus formation, collagens in, 65
Thurner syndrome, 141
TIAs. See Transient ischemic attacks (TIAs).
Tiazac (diltiazem)

pharmacology of, 87–88, 88t
for pulmonary arterial hypertension, 680
for Raynaud's phenomenon, 596

Tibioperoneal angioplasty, 265, 265f
Tibioperoneal stents, 265, 266f
Tibioperoneal trunk (TPT), angiography of, 202, 

204f
Ticagrelor, pharmacology of, 97
Ticlopidine

for acute ischemic stroke, 380
pharmacology of, 96
for prevention of arterial thrombosis, 135

Tight junctions, 16
Tight perforators, 639
Time-of-flight magnetic resonance angiography 

(TOF-MRA), 167–168, 167t, 168f
Timolol, for vascular anomalies, 802t
TIMPs (tissue inhibitors of matrix 

metalloproteinase), 52
in aortic aneurysm, 459–460
in vascular smooth muscle cell phenotypic 

modulation, 33
TIPP (transilluminated powered phlebectomy), 

for varicose veins, 648
Tirofiban

pharmacology of, 98
for prevention of arterial thrombosis, 135

Tissue biopsy, for vasculitis, 517
Tissue factor

in coagulation cascade, 99
endothelial secretion of, 14
in hemostasis, 71
in thrombus formation, 133

Tissue factor pathway inhibitor (TFPI),  
72, 99

endothelial secretion of, 14
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Tissue inhibitors of matrix metalloproteinase 
(TIMPs), 52

in aortic aneurysm, 459–460
in vascular smooth muscle cell phenotypic 

modulation, 33
Tissue plasminogen activator (tPA), 72, 73, 100

for acute ischemic stroke
intra-arterial, 374–375
intravenous, 374, 374b

endothelial secretion of, 14
TLRs (toll-like receptors)

in endothelial regulation of response to 
inflammatory and immune stimuli, 18

in thrombosis, 136
TNK-rtPA (tenecteplase), for acute limb ischemia, 

563t, 564
Tobacco cessation

for peripheral artery disease, 242–243
for thromboangiitis obliterans, 541–542,  

542b
Tobacco use

and atherosclerosis, 112
and critical limb ischemia, 232–233
and peripheral artery disease, 214–215, 215t
and stroke risk, 352–353
and thromboangiitis obliterans, 533–534

α-Tocopherol, for peripheral artery  
disease, 254

Toe brachial index (TBI), 148
TOF-MRA (time-of-flight magnetic resonance 

angiography), 167–168, 167t, 168f
Tolbutamide, for peripheral artery  

disease, 246
Tolerization, in medium- and large-sized artery 

vasculitis, 130
Toll-like receptors (TLRs)

in endothelial regulation of response to 
inflammatory and immune stimuli, 18

in thrombosis, 136
TOPAS (Thrombosis or Peripheral Arterial 

Surgery) trial, 558–559, 564
Toprol. See Metoprolol (Toprol, Lopressor).
TOS. See Thoracic outlet syndrome (TOS).
Total anomalous pulmonary venous connection 

(TAPVC), 771, 773f
Toxins, Raynaud's phenomenon due to, 594
tPA. See Tissue plasminogen activator (tPA).
TPT (tibioperoneal trunk), angiography of, 202, 

204f
TR (repetition time), 166
Tracleer (bosentan)

pharmacology of, 90, 91t
for pulmonary arterial hypertension, 680
for Raynaud's phenomenon, 597

Traction stress, 19
Trandate (labetalol)

for aortic dissection, 428t
pharmacology of, 86t

Trandolapril (Mavik), pharmacology of, 90t
Transaxillary first rib resection, for thoracic 

outlet syndrome, 760–762, 761f
Transcellular pathway, 15f, 16
Transcription factors (TFs)

in regulation of cell cycle, 35
in regulation of vascular smooth muscle cell 

diversity, 28, 29f
Transcriptional regulation, of vascular smooth 

muscle cell diversity, 28–30, 29f
SRF/myocardin axis in, 28–29, 29f
zinc finger proteins in, 29–30, 29f

Transcutaneous oximetry, 150
Transendothelial transport pathways,  

14–16, 15f
Transesophageal echocardiography (TEE)

for aortic aneurysms, 474–475
of aortic dissection, 425–426, 425f
for pulmonary embolism, 631–632
for stroke, 370

Transforming growth factor β (TGF-β)
in atherosclerosis, 116
in cell signaling, 63–64
in phenotypic modulation of vascular smooth 

muscle cells, 27
in vascular wall morphogenesis, 10

Transforming growth factor β1 (TGF-β1), in 
endothelial regulation of response to 
inflammatory and immune stimuli, 18

Transgelin, in smooth muscle cell 
differentiation, 9

Transient ischemic attacks (TIAs)
crescendo, 362
and ischemic stroke, 349, 361–363

secondary prevention for, 380–381
limb-shaking, 362
pathogenesis of, 415
scoring systems for, 362, 362t
types of, 362

Transilluminated powered phlebectomy (TIPP), 
for varicose veins, 648

Transplantation, MR angiography for, 178–179, 180f
Transpulmonary gradient, 690t
Transthoracic echocardiography (TTA), for aortic 

aneurysms, 474–475
Transthoracic echocardiography (TTE)

for pulmonary embolism, 632, 633f
for stroke, 370

Transverse relaxation, 166
Trash foot, 580–581, 581f
Trauma

lymphatic, 700–701
Raynaud's phenomenon due to, 593–594
vascular. See Vascular trauma.

"Trauma triad of death", 746
Traumatic infected aneurysms, 709
Traumatic vasospastic diseases, 593
Treadmill exercise testing, for peripheral artery 

disease, 149–150, 236
Trellis device, for acute limb ischemia, 566
Trendelenburg test, 642
Treprostinil (Remodulin)

pharmacology of, 81
for pulmonary arterial hypertension, 680

Triflusal, pharmacology of, 96
Triglycerides, and peripheral artery disease, 

216
Trimethaphan, 82
Triple helices, fibril-associated collagens with 

interrupted, 46–47, 46f
Tropoelastin

cross-links in, 53–54, 53f
domain organization of, 52, 53f
structure of, 53

TTE (transthoracic echocardiography)
for pulmonary embolism, 632, 633f
for stroke, 370

TTP889, as factor IX inhibitor, 106
Tube voltage, for CT, 185
Tuberculous aneurysms, 465
Tubular cells, in renal artery disease, 293
Tubular hypoplasia, coarctation of aorta with, 

776, 777b, 778f
Tubulointerstitial injury, in renal artery disease, 

293
Tufted angioma, 792, 793f
Tumor emboli, 636
Tunica adventitia, 1

embryology of, 11
of large arteries, 43
of small arteries, 43

Tunica albuginea, 342, 342f
Tunica externa, 1

embryology of, 11
Tunica intima, 1

embryology of, 1–7
arterial and venous endothelial cell 

differentiation in, 2

Tunica intima ( Continued)
early development in, 1–2
endothelial tip and stalk cell specification 

in sprouting angiogenesis in, 2–4, 3f
lymphatic vessel development in, 7
molecular determinants of branching in, 

4–5
neurons and vessels in, 5–6, 6f
vascular induction of nonvascular tissue 

development in, 7
vascular lumenization in, 5

of large arteries, 43
of small arteries, 43

Tunica media, 1
embryology of, 7–10

cellular and extracellular matrix 
components in, 7, 8t

collagen and elastic fibers in extracellular 
matrix in, 10, 10f

patterning of developing vascular smooth 
muscle cell layers in, 9–10

smooth muscle cell differentiation in, 9
vascular smooth muscle cell origins in, 

8–9, 8f
of large arteries, 43

Two-kidney, one-clip (2K1C) model, 287, 289f
Two-step over-the-wire approach, for carotid 

sheath placement, 397, 397f
TxA2 (thromboxane A2), in platelet activation, 

94, 95f
Tyrosine kinase(s), and pulmonary arterial 

hypertension, 675
Tyrosine kinase inhibitors, for pulmonary arterial 

hypertension, 683

U

UDP (uridine diphosphate) 
galactose:hydroxylysine 
galactosyltransferase, in regulation of 
collagen biosynthesis, 49

UFH. See Unfractionated heparin (UFH).
Ulcer(s)

defined, 727
lower-extremity. See Lower-extremity  

ulcer(s).
Ulcerating hemangioma, 801t, 803, 805–806
Ulceration, of carotid plaque, 154–155
Ulnar nerve conduction velocity, for thoracic 

outlet syndrome, 758
Ulnar pulse, 142
Ultrasonography

of abdominal aorta, 156–157, 156f, 157f
advantages and disadvantages of, 167t
of aortic aneurysms, 474–475, 474f
for aortic graft infection, 718, 718f
artifact in, 151
of carotid intima media thickness, 155, 156f
for carotid plaque and arterial wall 

characterization, 154–155, 155f, 156f
color Doppler, 151–152, 152f
detection of blood flow in, 150–151
duplex, 148

of arterial stenosis, 152
of arteriovenous fistulae, 161–162, 161f
carotid, 152–155

of absent diastolic flow in common 
carotid artery, 154, 154f

color Doppler in, 152, 153f
gray-scale survey in, 152, 153f
during intermittent tapping of temporal 

artery, 153, 153f
of internal carotid artery stenosis, 153, 

154f, 154t
internal vs. external carotid artery in, 153, 

153f
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Ultrasonography ( Continued)
of peripheral artery disease, 158–160, 160f, 

236–237, 238f
renal artery, 157–158, 158f, 159f
for renal artery stenosis, 157–158, 158f, 159f, 

299–301
acceleration index in, 299–300
acceleration time in, 299–300
anterior and oblique approach for, 299, 

300f
vs. arteriography, 300t
diagnostic criteria with, 299, 299t
peak systolic value in, 299
renal-to-aortic ratio in, 299
resistance index in, 299–300, 300f
after stent implantation, 300–301, 301f

venous, 162–164, 162f
lower-extremity, 162–164, 163f
neck and upper-extremity, 162, 162f
of venous insufficiency, 164, 164f

of extremity arteries after revascularization, 
158–160, 160f

gray-scale (B mode) imaging in, 151
harmonic in, 150
image creation in, 150
peripheral arterial, 158–160, 160f, 236–237, 

238f
physical principles of, 150–152
power or amplitude Doppler, 152
of pseudoaneurysm, 160–161, 161f
spectral Doppler waveform analysis in, 151, 

151f, 152f
of subclavian artery, 154
for vasculitis, 517
of vertebral artery, 154, 155f

Ultrasound-assisted thrombolysis, for acute limb 
ischemia, 566–567

Ultrasound-guided compression, for iatrogenic 
false aneurysm, 752

Unfractionated heparin (UFH)
for acute limb ischemia, 563
during endovascular therapy, for peripheral 

artery disease, 261
pharmacology of, 100–101, 101f
for venous thromboembolism

preventive, 629
therapeutic, 632

Univasc (moexipril), pharmacology of, 90t
uPA (urokinase-type plasminogen activator), 72, 

73, 100
Upper extremity(ies). See also Arm(s).

MR angiography of, 176, 177f
venous duplex ultrasonography of, 162, 162f

Upper-extremity atheroembolism, 574f, 582, 582f
Upper-extremity deep vein thrombosis, 624
Uridine diphosphate (UDP) 

galactose:hydroxylysine 
galactosyltransferase, in regulation of 
collagen biosynthesis, 49

Urodilatin, 79
Urokinase

for acute limb ischemia, 563–565, 563t
intra-arterial, for acute ischemic stroke, 375

Urokinase-type plasminogen activator (uPA), 72, 
73, 100

Uroxatral (alfuzosin), pharmacology of, 85t

V

Vacuum erection devices (VEDs), for erectile 
dysfunction, 346, 346f

Valsartan (Diovan), pharmacology of, 90t
Valve reconstruction, for deep vein 

incompetence, 660–661
Valve transfer, for deep vein incompetence, 661
Valvuloplasty, for deep vein incompetence, 661

Vardenafil (Levitra)
for erectile dysfunction, 345
pharmacology of, 79–80, 79t

Varicose veins (VVs), 639–651
anatomy of, 639, 640f, 641f, 642f
clinical manifestations of, 640–642
complicated, 640
defined, 639
epidemiology of, 639
follow-up and prognosis for, 650
history of, 141
imaging of, 642
management of, 642–649

conservative, 643–644
compression for, 644
diet and lifestyle changes for, 643
herbal supplements for, 644
pharmacotherapy for, 644

with incompetent perforator veins, 649
invasive, 644–649, 645t

chemical sclerotherapy for, 644–645, 646f
CHIVA cure for, 649
endovascular laser therapy for, 645–646
radiofrequency ablation for, 646–647, 

647f
surgical procedures for, 648–649

with telangiectasia/reticular veins, 650
treatment suitability in, 642–643

pathogenesis of, 639–640, 641f
physical examination of, 145–146, 146f, 642, 

643f, 644f
physiological testing for, 642
primary, 639–640, 641f
and quality of life, 640–642
risk factors for, 639
secondary, 639–640, 641f
uncomplicated, 640

Vascular access
for carotid artery stenting, 395
for catheter-based peripheral angiography, 

200–205, 200f
for endovascular therapy of peripheral artery 

disease, 261
Vascular access closure devices, 208
Vascular anomalies and malformations. See 

Congenital vascular anomalies and 
malformations.

Vascular cell adhesion molecule 1 (VCAM-1)
and atherosclerosis, 113f, 115–116
in endothelial regulation of response to 

inflammatory and immune stimuli, 18
in thrombosis, 136

Vascular compression syndromes, 755–770
cystic adventitial disease as, 766

diagnosis of, 766
outcomes of, 766
pathophysiology of, 766
presentation of, 766
treatment of, 766

May-Thurner syndrome as, 763–764
diagnosis of, 764
outcomes of, 764
pathophysiology of, 764
presentation of, 763–764
treatment of, 764

medial arcuate ligament syndrome as, 
766–768

diagnosis of, 767, 767f
outcomes of, 768
pathophysiology of, 767
presentation of, 766–767
treatment of, 767–768

nutcracker syndrome as, 764–765
diagnosis of, 764–765
outcomes of, 765
pathophysiology of, 764
presentation of, 764
treatment of, 765

Vascular compression syndromes ( Continued)
popliteal entrapment syndrome as, 765–766

diagnosis of, 765, 766f
outcomes of, 766
pathophysiology of, 765, 765b
presentation of, 765
treatment of, 766

thoracic outlet syndrome as, 755–763
anatomy of thoracic outlet and, 755, 756f
arterial

diagnosis of, 759, 760f
presentation of, 757
treatment of, 762–763

diagnosis of, 757–759
history and physical examination in, 

757–758
objective testing in, 758–759

neurogenic, presentation of, 756–757
outcomes for, 763
pathophysiology of, 755–756, 756f
presentation of, 756–757
treatment of, 760–763

surgical, 760–762, 761f
venous

diagnosis of, 759, 760f
presentation of, 757
treatment of, 762

Vascular contraction, as phenotype-specific 
vascular smooth muscle cell function, 
34–35, 34f

Vascular disease, endothelial dysfunction and, 
20–21

Vascular effectors, and pulmonary arterial 
hypertension, 673–674, 673t

Vascular embryology, 1–13
animal models of, 1
of tunica adventitia (fibroblasts and loose 

connective tissue), 11
of tunica intima (endothelium), 1–7

arterial and venous endothelial cell 
differentiation in, 2

early development in, 1–2
endothelial tip and stalk cell specification 

in sprouting angiogenesis in, 2–4, 3f
lymphatic vessel development in, 7
molecular determinants of branching in, 

4–5
neurons and vessels in, 5–6, 6f
vascular induction of nonvascular tissue 

development in, 7
vascular lumenization in, 5

of tunica media (smooth muscle and 
extracellular matrix), 7–10

cellular and extracellular matrix 
components in, 7, 8t

collagen and elastic fibers in extracellular 
matrix in, 10, 10f

patterning of developing vascular smooth 
muscle cell layers in, 9–10

smooth muscle cell differentiation in, 9
vascular smooth muscle cell origins in, 

8–9, 8f
Vascular endothelial (VE)-cadherin

in adherens junctions, 16
in vascular lumenization, 5

Vascular endothelial growth factor (VEGF)
in arterial and venous endothelial cell 

differentiation, 2
in branching, 4
for peripheral artery disease, 253
in sprouting angiogenesis, 3

Vascular endothelial growth factor C (VEGF-C), 
in lymphedema, 705, 706f

Vascular endothelial growth factor receptor 
2 (VEGFR-2), in vascular induction of 
nonvascular tissue development, 7

Vascular endothelial growth factor receptor 3 
(VEGFR-3), in lymphedema, 705
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Vascular examination, 142–147
abdominal, 147, 147f
of limbs, 142–146

Allen test in, 143, 143f
chronic venous insufficiency in, 145, 145f, 

145t
digital vasospasm in, 144
edema in, 144–145
limb ischemia in, 144
livedo reticularis in, 144, 145f
lymphangitis in, 146
lymphedema in, 146, 146f
pulse examination in, 142, 142f, 143f
thoracic outlet maneuvers in, 143, 144f
ulcers in, 144, 144f
varicose veins in, 145–146, 146f

of neck, 146–147, 146f
Vascular hemostasis, 70–74

coagulation cascade leading to fibrin 
formation in, 70–72, 71f

endothelial function and platelet activation in, 
70, 71f, 71t

fibrin-binding domains of fibronectin  
and, 57

fibrinolysis in, 71t, 72–73, 73f
Vascular history, 139–142

of arterial disease, 139–141
carotid, 141
mesenteric, 141
neurovascular compression syndromes in, 

140
peripheral, 139–140

acute limb ischemia in, 140
atheroembolism in, 140
critical limb ischemia in, 139–140
intermittent claudication in, 139
other, 140

renal, 141
vasospastic diseases in, 140–141

of venous and lymphatic  
systems, 141–142

chronic venous insufficiency in, 141
deep vein thrombosis in, 141
lymphangitis in, 142
lymphedema in, 141
superficial thrombophlebitis in, 141
varicose veins in, 141

Vascular homeostasis, elastin metabolism and, 
54–55

Vascular hyperreactivity, local, in Raynaud's 
phenomenon, 590

Vascular induction, of nonvascular tissue 
development, 7

Vascular infection(s), 709–726
of femoral artery

associated with invasive procedures, 
712–713

in intravenous drug abusers, 713
infected aneurysms as

anatomical location of, 710
aortic, 710–712

clinical course of, 712
diagnosis of, 711–712, 711f, 711t
features of, 710, 711f
pathogenesis of, 709–710
treatment of, 712

bacteriology of, 710
of carotid artery, 713–714
classification and etiology of, 709
of femoral artery, 712–713
other, 714
pathogenesis of, 709–710
of superior mesenteric  

artery, 713, 713f
traumatic, 709

primary arterial, 709–710
classification and etiology of, 709

of prosthetic graft, 714–715

Vascular infection(s) ( Continued)
aortic, 715–718

with aortoenteric fistula, 719, 719f
bacteriology of, 719–720, 719t
classification of, 715–716
clinical presentation of, 716, 717f, 717t
diagnosis of, 716–718, 717f, 718f
diagnostic pitfalls with early, 718–719
etiology of, 716
incidence of, 715
treatment of, 720–721

peripheral, treatment of, 721–722
risk factors and pathogenesis of, 714–715

septic thrombophlebitis of internal jugular 
vein as, 724

septic thrombosis of cavernous sinuses as, 
723–724

suppurative thrombophlebitis as, 722–723
central vein, 723

due to intravenous line sepsis, 723
pelvic, 723
peripheral vein, 722–723
of portal vein, 723

Vascular injury. See Vascular trauma.
Vascular laboratory, accreditation of, 164
Vascular laboratory testing, 148–165

exercise testing for peripheral artery disease 
in, 149–150

limb segmental Doppler pressure 
measurement in, 148–150

interpretation of, 148, 149f
physiological, 148
plethysmographic evaluation of venous reflux 

in, 164
pulse volume recordings in, 148–150

interpretation of, 148–149, 149f, 150f
transcutaneous oximetry in, 150
ultrasonography for. See Ultrasonography.

Vascular lumenization, 5
Vascular malformations, 781–783, 793–794. See 

also Congenital vascular anomalies and 
malformations.

clinical issues with, 791, 801t
combined (capillary-venous-lymphatic), 

784–785
etiology of, 797–798
fast-flow, 782–783

arteriovenous, 782–783, 784f
genetics of, 798, 800f
gynecological issues with, 804
lymphatic, 794, 794f
slow-flow, 781–782

capillary, 781–782, 782f, 793–794, 794f
venous, 782

treatment of, 806
Vascular maturation, 31–32
Vascular morphogenesis, and extracellular 

matrix, 43
Vascular networks, and neural networks, 5–6, 6f
Vascular pharmacology, 75–93

drugs that affect NO/guanylyl cyclase/cGMP–
dependent protein kinase pathway in, 
76–80

natriuretic peptides as, 79
nitrovasodilators as, 77–78, 77f
phosphodiesterase inhibitors as, 79–80, 79t
unique modulators of soluble guanylyl 

cyclase as, 78–79
endothelin receptor antagonists in, 90–91, 91t
pharmacokinetics and pharmacodynamics in, 

75–76, 76f, 77f
prostaglandins and thromboxane agonists and 

antagonists as, 80–81, 80f
cyclooxygenase inhibitors as, 81
prostacyclin analogs as, 81

renin-angiotensin-aldosterone system  
in, 88–90

drugs that inhibit, 89–90, 90t

Vascular pharmacology ( Continued)
receptors and novel mediators of signaling 

in, 89
regulation of, 88–89, 88f

sympathetic and parasympathetic nervous 
systems in, 81–87, 82f

adrenergic agonists and antagonists in, 
84–85, 85t

α1-agonists as, 86
α1-antagonists as, 85–86, 85t
α2-agonists as, 85t, 86
α2-antagonists as, 86
β-adrenergic antagonists (β-blockers) as, 

86–87, 86t
dopamine and dopaminergic agonists 

as, 87
adrenergic and muscarinic receptor actions 

in, 82, 83t
adrenergic receptors and agonist selectivity 

in, 82–83
and pharmacologic interruption of 

catecholamine metabolism, 83–84, 84f
vascular parasympathetic system in, 82, 83t

vascular potassium and calcium channels in, 
87–88, 88t

vascular smooth muscle activation in, 75–76, 76f
Vascular remodeling, endothelium in, 18–19
Vascular repair, endothelium in, 18–19
Vascular rings, 778–780, 778b

clinical presentation and diagnosis of, 780
development of, 778–779, 779f
double aortic arch as, 779, 780f
ductus arteriosus sling as, 779
incidence of, 778–779
left aortic arch as, 779, 780f
right aortic arch as, 779, 780f

Vascular smooth muscle agonists, 
vasoconstriction caused by circulating, in 
Raynaud's phenomenon, 591

Vascular smooth muscle cell(s) (VSMCs), 1, 
25–42

components of, 7
contractile (differentiated), 25–26, 26f
in development and disease, 10, 10f
differentiation of, 9
inflammatory, 26, 26f
migration of, 37–38, 38f
nitric oxide–soluble guanylyl cyclase signaling 

in, 691f
origins of, 8–9, 8f, 25
patterning of developing layers of, 9–10
vs. pericytes, 7, 8t
proliferation of, 35–37, 36f
senescence, apoptosis, and autophagy of, 39
stem/progenitor cells of, 39–40
synthetic (dedifferentiated), 26, 26f

Vascular smooth muscle cell (VSMC) activation, 
and vascular pharmacology, 75–76, 76f

Vascular smooth muscle cell (VSMC) contraction, 
and vascular pharmacology, 75–76, 76f

Vascular smooth muscle cell (VSMC) diversity
posttranscriptional regulation of, 30–31, 30f
posttranslational regulation of, 31
transcriptional regulation of, 28–30, 29f

SRF/myocardin axis in, 28–29, 29f
zinc finger proteins in, 29–30, 29f

Vascular smooth muscle cell (VSMC) functions
influence of cell-cell and cell-matrix 

interactions on, 31–34
cell-cell adhesion molecules (cadherins 

and gap junction connexins) in, 31–32
cell-matrix adhesion molecules in, 32–34

in basement membrane, 32
collagens as, 32–33
elastins and elastin-associated proteins 

as, 33
emilins as, 33
fibrillins as, 33
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Vascular smooth muscle cell (VSMC) functions 
( Continued)

fibronectin as, 32
fibulins as, 33
glycosaminoglycans, proteoglycans, and 

matricellular proteins as, 33
insoluble extracellular matrix 

components as, 32
integrins as, 32
matrix metalloproteinases and 

tissue inhibitors of matrix 
metalloproteinases as, 33

mechanical effects on, 33–34
syndecan coreceptor as, 32

phenotype-specific, 34–39
contraction as, 34–35, 34f
inflammation as, 38–39
migration as, 37–38, 38f
proliferation as, 35–37, 36f
senescence, apoptosis, and autophagy as, 39

Vascular smooth muscle cell (VSMC) 
phenotypes, 25–26

contractile (differentiated), 25–26, 26f
inflammatory, 26, 26f
synthetic (dedifferentiated), 26, 26f

Vascular smooth muscle cell (VSMC) 
phenotypic modulation, 25–31

influence of cell-cell and cell-matrix 
interactions on, 31–34

cell-cell adhesion molecules (cadherins 
and gap junction connexins) in, 31–32

cell-matrix adhesion molecules in, 32–34
in basement membrane, 32
collagens as, 32–33
elastins and elastin-associated proteins 

as, 33
emilins as, 33
fibrillins as, 33
fibronectin as, 32
fibulins as, 33

glycosaminoglycans, proteoglycans, and 
matricellular proteins as, 33
insoluble extracellular matrix 

components as, 32
integrins as, 32
matrix metalloproteinases and 

tissue inhibitors of matrix 
metalloproteinases as, 33

mechanical effects on, 33–34
syndecan coreceptor as, 32

posttranscriptional regulation of, 30–31, 30f
posttranslational regulation of, 31
transcriptional regulation of, 28–30, 29f

SRF/myocardin axis in, 28–29, 29f
zinc finger proteins in, 29–30, 29f

upstream mediators of, 26–28
differentiation-inducing factors as, 27, 27f
dual factors as, 27–28, 27f
growth-inducing factors as, 26–27, 27f
Notch communication as, 28

Vascular stabilization, 31–32
Vascular tone, endothelium in regulation of, 

16–17, 17f
Vascular tortuosity, and carotid artery stenting, 

391f, 392
Vascular trauma, 739–754

abdominal, 744–749
to abdominal aorta, 746–747
to celiac axis, 747
clinical presentation and evaluation of, 

744–745
diagnostic imaging of, 745
iliac vessel, 748, 748f
to inferior mesenteric artery and vein, 747
to inferior vena cava, 748–749
operative management and damage control 

for, 745–746, 746t
portal vein, 749

Vascular trauma ( Continued)
renovascular, 747–748
retroperitoneal hematomas due to, 745
to superior mesenteric artery and vein, 747, 

747t
arteriovenous fistulae due to, 739

iatrogenic, 751
treatment options for, 752

basic concepts and definitions for, 739–741
blunt, 739
carotid and vertebral, 742–744

blunt, 743–744
classification of, 744, 744t
clinical management of, 744
diagnostic evaluation of, 744

penetrating, 742–743
anatomic considerations in, 743, 743b
diagnostic evaluation of, 742–743
endovascular management of, 743
operative approach/open surgical 

management of, 743
cervicothoracic venous, 744
compartment syndrome due to, 740–741

fasciotomy for, 741
extremity, 749–751

angiography for, 749
brachial and forearm vessel, 750
calf vessel, 750–751
femoral vessel, 750
Mangled Extremity Severity Score for, 749, 749t
noninvasive studies for, 749
subclavian-axillary, 750
venous, 751

hemorrhagic shock due to, 739, 740t
iatrogenic, 751–752

arteriovenous fistulae as, 751
treatment options for, 752

pseudoaneurysms as, 751
treatment options for, 751–752

ischemia/reperfusion injury as, 739–740
pediatric, 752
penetrating, 739
pseudoaneurysms due to, 739

iatrogenic, 751
treatment options for, 751–752

due to shear forces, 739
signs of, 739, 740b
thoracic, 741–742

to pulmonary vessels, 742
to thoracic aorta, 741–742, 741f, 742f

endovascular approach for, 742
open surgical approach for, 741

to thoracic venae cavae, 742
to thoracic/cardiac box, 741–742

Vascular tumors, 785
proliferative, 790–793, 791b

hemangiomas as, 790–793
of infancy, 790, 791f, 792f
segmental, 790, 792f, 793f

Kaposi sarcoma as, 792–793
kaposiform hemangioendothelioma as, 

790–792, 793f
pyogenic granuloma as, 792, 793f
tufted angioma as, 792, 793f

Vascular walls, morphogenesis of, 9–10
Vasculitis(ides)

abdominal, CT angiography of, 192
ANCA-associated, 507
aortic aneurysm with, 465
classification of, 126, 127f, 507, 508b
cryoglobulinemic, 509t, 513
differential diagnosis of, 509t
drug-induced, 514
endothelial dysfunction and, 21
evaluation and diagnosis of, 514–517

diagnostic vascular imaging in, 516–517
conventional angiography for, 516
CT for, 517

Vasculitis(ides) ( Continued)
MRI for, 516
PET for, 517
ultrasound for, 517

laboratory studies in, 515–516
of acute phase reactants, 515
antineutrophil cytoplasmic 

autoantibodies testing in, 515–516
complete blood cell counts and white 

blood cell differential counts as, 515
micobiological testing in, 516
other immunology tests in, 516
renal function tests as, 515

medical history in, 514
physical examination in, 515
tissue biopsy in, 517

large-vessel, 507–510, 508b, 510f
Behçet disease as, 508
clinical manifestations of, 509t
Cogan syndrome as, 510
giant cell arteritis as, 508
idiopathic aortitis as, 510
miscellaneous forms of, 510
pathophysiology of, 127t, 129–131, 130f
relapsing polychondritis as, 508–510
Takayasu's arteritis as, 508

of lower extremities, CT angiography of, 196
medium-vessel, 508b, 511–513

Churg-Strauss syndrome as, 512–513
Kawasaki disease as, 513
microscopic polyangiitis as, 512
pathophysiology of, 127t, 129–131, 130f
polyarteritis nodosa as, 511, 511f
Wegener granulomatosis as, 511–512, 511f, 512f

overview of, 507–519
pathophysiology of, 126–132

medium- and large-sized artery, 127t, 
129–131, 130f

small-vessel, 126–129, 127t, 128f, 129f
summary of, 131
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